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ABSTRACT
In most previous studies on the effects of trematode larvae on 
their snail hosts neither the age of the snail nor the age and degree 
of infection were known. The changes in structure and histology of 
the visceral region in the snail Stagnicola palustris induced by the 
larvae of Echinostoma revolutum were examined and compared with changes 
in the host's: (l) rate of growth and shell formation, (2) metabolic
rate, and (3) fecundity. The results were related to: (l) the age of
the snail at the time of infection, and (2) the parasite burden on the 
snail. The first 10 days of the infection were marked by a reduction 
in the number of haemolymph proteins and reduction in oxygen consump­
tion but no host tissue reaction. In snails infected when sexually 
immature (^.65 days old or 15 mm long) development of the hepatopancreas 
was partially inhibited and the hepatopancreatic epithelium was reduced 
to a syncytium with necrosis and loss of tissue. In snails infected 
when sexually mature the hepatopancreas was crowded to the periphery 
and the epithelium commonly underwent vacuolar degeneration. There 
was a general reduction in tissue carbohydrate in the visceral region 
of infected snails. Progressive degeneration of the gonad was complete 
in adult snails and the gonad failed to develop in snails infected when 
15 days old (about U mm long). Egg laying progressively declined in 
infected snails until no more eggs were produced and the effect was
x
more rapid in multiple infections. Growth rates in snails infected 
when 15 days old were lower than in uninfected snails and the reduction 
in rate was more pronounced in multiple infections. An acceleration 
in growth rate, probably related to gonad degeneration, occurred about 
65 days postinfection in snails infected at 65 days of age. The rate 
of shell formation was lower in adult snails (105 to 1^5 days or 20 
to 25 mm long) that were infected when 15 days old than in snails of 
similar age that were either uninfected or infected when 60 days old 
(about lU mm long). The rate of oxygen consumption was lower in 
snails with infections developed from one miracidium than in uninfected 
snails and still lower in snails with multiple infections. It was 
concluded that those effects of the parasite that were studied were 
determined by the age of the snail at the time of infection and the 
parasite burden on the snail.
xl
INTRODUCTION
Studies on various changes in molluscs induced by trematode 
larval infections have been reported in the literature. Some of the 
effects studied include: structural and chemical changes in the
tissues of the host, changes in the respiratory and growth rates of 
the infected molluscs and changes in host fecundity.
Normal Histology of the Visceral Region in Pulmonate Gastropods
There is considerable disagreement among early authors (prior to 
1900) on the types of cells present in the digestive epithelium of 
the hepatopancreas of terrestrial pulmonate snails. Barfurth (1880,
1 83) and Biedermann and Moritz (1899) described in Helix pomatia 
three cell types: (l) liver cells, (2) ferment cells, and (3) lime
cells. However, in the same species of snail Cuenot (1892, 1899) 
distinguished four cell types: (l) digestive cells (liver cells of
previous authors), (2) excretion cells (ferment cells of previous 
authors), (3) cyanophile cells (a new cell type), and (b ) calcium 
cells (lime cells of previous authors).
Most recent authors also fail to agree on the types of hepato­
pancreatic cells in land pulmonates. van Weel (1950) described in 
Achatina fulica four cell types: (l) protein cells, (2) cells with
1
2yellow granules, (3) cells with large yellow-brown bodies, and (U) 
lime cells. Guardabassi and Ferreri (l953)> on the other hand, 
distinguished three cell types in Helix pomatica. These were:
(l) absorption cells, (2) secretion cells, and (3) calcium cells, ihe 
majority of recent authors (Krijgsman, 1928; Baecker, 1932; Fretter, 
1952; Billett and McGee-Russell, 1955; Abolins-Krogis, i960) have 
described in H. pomatica only two cell types: (l) digestive cells,
and (2) calcium cells. Abolins-Krogis (i960) after extensive histo- 
chemical observations on the hepatopancreatic cells of H. pomatica 
agreed with Krijgsman (1928) that both kinds of cells function rhyth­
mically. The digestive cells function in secretion, absorption and 
excretion and include a number of cell variants of different forms and 
appearances. The different appearances of the cells represent only 
functional stages of their activity during the cyclic processes of 
secretion, absorption and excretion (Abolins-Krogis, i960). Calcium 
cells secrete granules of calcium phosphate periodically into the lumen 
of the midgut thereby contributing to the buffering of intestinal juice 
(Krlj gsman, 1928).
The histology of fresh-water pulmonate species has been described 
by Carriker and Bilstad (l9*+6) and Pan (1958).
In Lymnaea stagnalis Carriker and Bilstad distinguished three cell 
types: (l) digestive cells, (2) lime cells, and (3) mucous cells.
The digestive cells were considered to be polyphasic, varying in 
appearance depending upon their functional state, i.e., secretory, 
excretory, absorptive or digestive. Sections showed cells in all 
portions of the hepatopancreas to be, for the most part, in the same 
phase. In one phase most of the digestive cells contained a large
3central vacuole filled with fragments of "apparently indigestible" 
material. Other digestive cells at the same phase possessed equally 
large vacuoles which contained instead of indigestible residues bluish- 
green and brown "excretion bodies" of various shapes. Digestive cells, 
apparently in the secretory phase, were described as containing 
increasing numbers of secretory granules in the distal portion of the 
cell. The final stage of secretion was described as a casting off of 
the terminal end of the cell into the lumen of the follicle in an 
apocrine type of secretion.
Lime cells were described as roundly tetragonal cells containing 
calcareous bodies. However, Carriker and Bilstad were unable to 
ascertain whether the secretion of these cells is holocrine as described 
by Krijgsman (1928). Flask-shaped mucous cells were found scattered 
throughout the digestive system.
Pan (1958) also distinguished three types of cells in the hepato­
pancreatic epithelium of Australorbis glabratus(=Biomphilaria glabrata). 
These were: (l) digestive cells, (2) lime cells, and (3) goblet cells
(mucous cells of Carriker and Bilstad, 19^6). The morphological 
description of the digestive cells was similar to that provided by 
Carriker and Bilstad (19 +^6) for Lymnaea stagnalis except that Pan 
concluded that during the secretory phase the cells break down com­
pletely fonning a holocrine type of secretion. New cells are formed 
from fibroblasts of the connective tissue sheath beneath the epithelium. 
Pan (1958) also concluded that the secretion of the lime cells was 
holocrine in nature.
Pan (1958) also described the loose vascular connective tissue 
surrounding the hepatopancreas of B. glabrata. He distinguished four
ktypes of cells in this tissue: (l) fibroblasts, (2) pigment cells,
(3) vesicular cells, and (4) amoebocytes.
Trematode Induced Changes in the Histology of the Visceral Region
Hepatopancreas. Faust (19IT) observed only slight alteration in 
the cells of the hepatopancreas of Physa gyrina infected with Cercaria 
biflexa, while the same tissue in Stagnicola proxima infected with 
Cercaria micropharynx and P. gyrina infected with Cercaria gracillima 
showed marked degeneration. The cellular abnormalities included: 
accumulation of fat bodies and vacuolation in the cytoplasm, cytolysis 
and karyolysis. Sloughing of tissue, fibromata (fibrous tumors) and 
granulomata (granular tumors) were observed in the degenerating areas 
and the epithelium (tunica propria) surrounding the digestive gland 
was penetrated by foreign bodies, i.e., sand grains.
In a study on the histopathology of Cercaria convoluta and Cer­
caria acanthostoma in Helisoma trivolvis Faust (1920) concluded that 
the changes caused by the larvae were related to the course of their 
migration through the host. The sporocysts were always found in the 
intertubular connective tissue of the hepatopancreas and, therefore, 
must have migrated via the haemolymph channels rather than up the 
secretory ducts of the gland itself. He postulated that the first 
nutrients of the sporocysts were derived from the haemolymph and that 
the pigment present in the bodies of the larvae was also from this 
source. In addition to tissue degeneration, abnormal mitoses (multi­
polar spindles) were also observed in the hepatopancreas.
Agersborg (192^ +) noted four stages in the pathology caused by 
larval trematodes in P. gyrina and H. trivolvis. First, the tissue
5invaded by the miracidia shrank and became friable and refractory when 
prepared for sectioning. Second, along the path of penetration by the 
parasite the host secreted a granular substance into the intercellular 
spaces. Third, the tubular epithelium of the hepatopancreas was 
altered from the columnar to the squamous form and, fourth, a gradual 
repair of tissue followed as the larvae decreased in numbers.
Necrosis of the cells in the hepatopancreatic epithelium follow­
ing augmentation of excretory products (which had a lytic effect) was 
reported in P. gyrina (infected with Echinostoma revolutum) by Hurst 
(192T)* The nuclei of digestive cells were moved from a basal to 
medial position in infected snails and the lime cells showed a greater 
resistance to the effects of the infection than digestive cells. 
Amoebocytes were suppressed in heavy infections and the connective 
tissue surrounding the hepatopancreas was subject to hypertrophy, 
fibromata formation and later, in older infections, to atrophy.
Faust and Hoffman (193*0 observed that the sporocysts of Schis­
tosoma mansoni in Planorbina glabrata(-Biomphilaria glabrata), caused 
shrinking of hepatopancreatic cells (from drain of nutrients), rupture 
of the tunica propria surrounding the gland (in heavy infections), 
and occasionally hemorrhage of veins and death of the snail.
In the marine gastropod, Patella vulgata, infected with Cercaria 
patellae Rees (l931> 193*+) also reported local histolysis of hepato­
pancreatic glandular epithelium in the presence of rediae.
Rees (1936) concluded that the degree of damage to the hepato­
pancreas of Littorina littorea, infected with various trematode species, 
was related to: (l) whether the secondary germinal sacs of the trema­
tode were sporocysts or rediae, (2) the size of the larvae and (3)
6whether a "blocking layer" was formed by the sporocysts which caused 
them to remain at one level in the hepatopancreas. In infection by 
species with rediae, e.g., Cercaria himasthla and Cercaria lophocerca, 
the hepatopancreas was only indirectly damaged by pressure, loss of 
nutrients and effects of waste products from larvae located in the 
gonadal tissue. In two trematode species with daughter sporocysts, 
Cercaria littorinae and Cercaria ubiquitoides, the hepatopancreas was 
the primary site of infection. Large larvae, such as the rediae of
C. himasthla and the sporocysts of C. littorinae, caused degeneration 
of the hepatopancreatic tubules in the vicinity of the parasites while 
tubules in non-parasitized areas were unaffected. Medium sized larvae, 
e.g., rediae of C. lophocerca, produced similar damage throughout the 
digestive gland, whereas, C. ubiquitoides sporocysts, the smallest of 
the larvae studied, caused the least tissue damage. The size-related 
differences in pathology were attributed to the larger quantities of 
toxic wastes excreted by the larger larvae. Sporocysts of Cercaria 
emasculans produced a "blocking layer" in the hepatopancreas causing 
blockage of lymph channels and subsequent starvation and degeneration 
of the distal portions of the gland.
Pratt and Barton (19^1) and Pratt and Lindquist (19^3) observed 
that the hepatopancreatic tubules in Stagnicola emarginata angulata 
were reduced in number and displaced peripherally or posteriorly when 
infected with Cercaria laruel, Cercaria vogena, Plaglorchis muris 
and Diplostomum flexicaudum. Mechanical destruction of the hepato­
pancreatic tissue was noted only once but the tubular epithelium was 
altered from columnar to cuboidal or squamous.
Reduction of the hepatopancreatic epithelium of Melanoides
7tuberculatus to a syncytial mass in snails infected with a larval 
monostome was reported by Lai and Premvati (1955).
Destruction of the digestive gland by ingestion of host cells by 
rediae has been reported by Cheng and James (i960) in the fresh-water 
bivalve Sphaerium strlatinum infected with Crepidostomum cornutum and 
by Cheng (1962) in H. trivolvis infected with Echinoparyphium sp.
Cheng suggested that mechanical pressure and lysis of cells by 
digestive enzymes from the parasites were contributing factors. Degen­
eration of the hepatopancreas of H. trivolvis infected with Glypthelmins 
pennsylvaniensis was attributed to pressure from the sporocysts and 
lysis of cells by excreta from the cercariae (Cheng and Snyder, 1962).
In an extensive study of the pathogenicity of 5 different trema- 
tode species on the hepatopancreas of Littorina saxatilis, James (1965) 
reported two general effects. First, larvae compressed the tubules 
of the digestive gland, thereby, blocking the lumen. Digestive cells 
distal to the blockage underwent starvation autolysis. Secondly, some 
digestive cells adjacent to the larvae contained much less stored food 
than normal and compensated for this by increased ingestion of food 
particles. Also, greater than normal numbers of secretory cells were 
found in tubules close to the parasites, an apparent compensatory 
change to remove the additional excretory waste from the hemocoel.
The latter observation supports a conclusion by Rees (1931) that the 
function of the damaged hepatopancreas of infected P. vulgata became 
increasingly the removal of toxic metabolites produced by the parasite, 
while normal digestive function of the organ was lost.
Patnaik and Ray (1966) observed the following abnormalities in 
the epithelial cells of Lymnaea auricularla infected with E. revolutum:
8(l) irregular vacuole formation in the distal ends of gland cells, (2) 
small circular vacuoles where fat was dissolved out, (3) increase in 
granular contents of hepatic cells, (4) shift of nuclei from the base 
to the middle one-third of digestive cells, (5) pycnosis and karyo- 
rrhexis of nuclei, (6) decrease in globular contents of calcium cells 
and, (7) loss of distinct cell boundaries.
In an extensive study on the host-parasitic relationship between
S. mansoni and A. glabratus(=B. glabrata), Pan (1965) reported that 
the lobules of the hepatopancreas were separated and the complex 
branching structure of the organ was lost in infected snails. As much 
as two-thirds of the tissue was destroyed by the infection. However, 
necrosis of the hepatopancreatic epithelium was only observed when 
the lobules were compressed and invaded by granulomatous tissue formed 
around daughter sporocysts and cercariae; atrophy, degeneration and 
ulceration resulted.
Pan (1965) described two types of tissue response in the loose 
vascular connective tissue surrounding the hepatopancreas of infected 
A. glabratus. The Type I (focal) response was observed in snails 
infected for four weeks and involved the formation of hypertrophic 
fibroblasts and amoebocytes. Snails infected for six to seven weeks 
showed the Type II (generalized) response with granulomata, hyper­
activity and proliferation of the connective tissue involving hyperplasia 
of fibroblasts and hypertrophy of amoebocytes.
The reported histopathological effects of various species of 
trematode larvae on the hepatopancreas of their molluscan hosts may 
be summarized as follows:
1. Cellular changes, Including: accumulation of fat bodies, 
and granular material, vacuolation, necrosis, cytolysis, 
change in position of nucleus, pycnosis, karyorrhexis, 
karyolysis and abnormal mitoses in digestive cells
2. Decrease in number of calcium spherites in lime cells
3. Formation of fibromata (fibrous tumors) in granulomata 
(granular tumors)
b. Increase in number of secretory cells
5. Alteration of epithelium from columnar to cuboidal, squamous 
or a syncytium
6. Sloughing of epithelium
7. Histolysis by larval excretory products and/or digestive 
enzymes
8. Starvation autolysis
9. Ingestion of host cells by rediae
10. Pressure damage and nutrient drain to rediae located in the 
gonad
11. Displacement of ducts and follicles and loss of complex
branching of the duct and follicle system
12. Blockage of ducts
13. Rupturing of tunica propria
14. Rupturing of veins
The reported changes in the loose vascular connective tissue 
surrounding the hepatopancreas induced by trematode larvae include: 
suppression of amoebocytes, hypertrophy of amoebocytes and fibroblasts, 
conversion of fibroblasts to amoebocytes (metaplasia), fibromata and 
atrophy of all cellular elements.
10
Gonad. The effects of trematode larvae on the gonads of molluscs 
varies with different species of host or parasite in the same way as 
the effects on the hepatopancreas. In P. vulgata the ovarian germinal 
epithelium was reduced or completely destroyed under the influence of 
the rediae of C. patellae (Rees, 1934). Pratt and Barton (l94l) 
reported that the gonad of S. emarginata angulata was not greatly 
changed when infected with C. vogena. However, when the same species 
was parasitized by C. laruei or D. flexicaudum the number of acini was 
reduced and no developing eggs could be found and P. muris sporocysts 
completely destroyed the ovotestis. Other examples of parasitic castra­
tion of snails by trematode larvae are found in the literature (Garnault, 
1889; Sizdat, 1923, in von Brand, 1952; Hurst, 1927; Wesenberg-Lund,
1931; Rees, 1934; Rees, 1936; Rothschild and Clay, 1952; Cheng, 1964; 
Zischke and Zischke, 1965). Damaged gonadal tissue may be repaired. 
Wesenberg-Lund (l93l) reported that in Succinea putris infected with 
Leucochloridium macrostoma the female elements disappeared first but 
spermatogenesis ended later and regeneration occurred even after extreme 
atrophy of the gonad.
Krull (1935) and Rothschild (1938) reported sex reversal in 
Peringia ulvae infected with Halipegus occidualis. Functional female 
snails developed penes when infected and penial size was reduced in 
infected males suggesting a secondary manifestation of parasitic cas­
tration. Other examples of changes in the external genitalia of 
infected snails have been reported by Pelseneer (1906, 1928) and Woodard 
(1934).
Indirect gonadal damage was reported by Uzmann (1953) in Mytllus 
edulis infected with Cercaria milfordensis. Horizontal veins in the
11
host become tightly packed with developing sporocysts causing a 
rupturing of vessels and loss of circulatory efficiency to the gonad. 
The larvae later invaded the dorsal region of the gonad (located in the 
mantle) impairing gametogenesis.
The indirect effects of trematode infections on the gonad were 
also observed by McClelland and Bourns (1969) in Lymnaea stagnalis 
infected with Trichobilharzia ocellata by Hosier and Goodchild (1970) 
in Menetus dilatatus infected with Spirorchis scripta and by Pan
(1965) in Australorbis glabratus infected with S. mansoni. In all 
three cases egg laying was reduced in infected snails but no mechan­
ical damage to the gonad was seen in histological sections.
The above studies indicate that the gonad may be invaded directly 
by rediae but is damaged only indirectly by sporocysts. The various 
effects of parasitism may be summarized as follows:
1. Inhibition of gametogenesis
2. Degeneration of gonadal epithelium
3. Reduction in the number of acini
U. Sex reversal
5. Ingestion of cells by rediae
6. Sloughing of cells in sporocyst infections
Changes in Tissue Chemistry
Reported trematode-induced chemical changes in molluscs include 
modifications in: (l) glycogen, glucose, lipid and phosphatase
metabolism, (2) amino acid and protein composition of haemolymph.
Stored glycogen. Depletion of glycogen in the head-foot muscula­
ture and/or the hepatopancreas of infected molluscs has been reported
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by Faust (1920), Hurst (1927), von Brand and Files (194-7), Snyder and 
Cheng (1961), Cheng and Snyder (1962), Cheng (1962, 1963a, b, c),
Zischke and Zischke (1965) and James (1965).
Cheng and Snyder (1962) postulated that the germinal sacs secrete 
carbohydrases that hydrolyze host glycogen and absorb the resultant 
simpler sugars which are then resynthesized to glycogen by the develop­
ing cercariae within the sacs. James (1965) concluded that in infected 
L. saxatilis the accumulation of excretory products in the visceral 
haemocoel of the host contributed to the reduction of glucose, glycogen, 
glycoproteins and lipids in the cells of unblocked tubules of the 
hepatopancreas. Complete blockage of the tubules was probably preceded 
by depletion of food reserves in the cells that later underwent star­
vation autolysis.
Haemolymph proteins. The haemolymph proteins of a variety of 
fresh-water and marine snails have been characterized in the literature 
(Targett, 1963; Wright and Boss, 1963> Cheng, 1964). In 10 of 12 of 
the species examined by Targett (1963) as many as 12 fractions other 
than the respiratory proteins were present, but only in medium size 
snails. Larger snails had only respiratory pigment. Wright and Ross 
(1963) found a decrease in the number of protein fractions (from 5 to 
l) and a corresponding increase in concentration of respiratory protein 
with increasing size in A. glabratus(=B. glabrata).
Total haemolymph protein has been found to decrease in B. glabrata 
infected with S. mansoni (Dusanic and Lewert, 1963; Gilbertson et al., 
1967)* Transitory changes in protein fractions occurred during the 
first day following infection (Dusanic and Lewert, 1963) but changes
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of longer duration in individual tissue proteins of infected snails 
have apparently not been studied.
Trematode-induced changes in tissue glycogen and haemolymph 
protein composition may be summarized as follows: (l) depletion of
glycogen in head-foot musculature arid hepatopancreas, (2) early transi­
tory changes in haemolymph protein fractions with o er-all reduction 
of total haemolymph protein.
Changes in Growth Rate and Shell Formation
The effects of trematode infections on snail growth vary from 
stimulation to depression. Moderate increases in the growth rates of 
infected snails have been reported by Etges (1961), Pan (1963), Sturrock
(1966) and McClelland and Bourns (1969). Wesenberg-Lund (193M observed 
that L. auriculata were sometimes exceedingly large and he suggested 
that the abnormal growth was the result of increased food intake by 
the host to meet the demands of the parasite. Trematode-induced gigan­
tism has also been reported in L. peritoides by Lysaght (19^ -1) and in 
Peringia ulvae and L. peritoides by Rothschild (1936, 19^1a, 19^ -lb). 
Rothschild attributed the condition to the indirect effects of para­
sitic castration and she suggested that nutrients no longer necessary 
for gamete production were utilized for general growth. Another inter­
pretation of gigantism was offered by Wilbur and Owen (196^). They 
suggested that the excessive growth might be the result of a hormonal 
deficiency, since decreased growth rates have been observed in some 
gastropods at the time of gonad ripening (Boettger, 1952). A third 
explanation was proposed by James (1965), who noted that some of the 
carotenoid pigments from lysed digestive gland cells of infected snails
are precursors of growth-promoting Vitamin A (Deuel, 1957)*
Reduction in the growth rates of infected snails have been 
reported by Rees (l93l) and Pesigan et al., (1958). Zischke and 
Zischke (1965) reported that S. palustris infected with E. revolutum 
grew 21$ less in 83 days than when uninfected.
Little is known of the effects of infection on shell formation 
in molluscs other than the observations on general growth listed 
above. Wesenberg-Lund (1934) noted that the shells of infected L. 
auriculata were often thinner, corroded and some whorls were '^ ballooned.
Changes in Metabolic Rate
Results of previous studies on the metabolic rates of infected 
molluscs have been variable. Hurst and Walker (1935) reported that 
infected snails produced more heat than uninfected snails and Olivier 
et al., (1953) found that parasitized snails are less resistant to 
low oxygen tensions. Both findings suggest a higher metabolic rate 
in infected snails. However, von Brand and Files (1947) found no 
difference between the metabolic rates of B. glabrata infected with
S. mansoni and snails that were uninfected but lower than normal 
oxygen consumption, at 25° C, in infected Lymnaea stagnalls was 
reported by Becker (1964) and Duerr (1967). In contrast, Vernberg 
and Vernberg (1967) reported an increase in the metabolic rates in 
parasitized Nassarius obsoleta. They found that at 10° C the oxygen 
consumption of parasitized snails, that had been acclimated at 3 ->° C, 
was significantly higher than that of nonparasitized snails that had 
been similarly acclimated. At 35° C, parasitized snails acclimated 
at 10° C had a higher Qq£ than cold-acclimated nonparasitized snails.
No significant differences in the metabolic rates of the parasitized
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and nonparasitized snails in either the warm or cold-acclimated groups 
were noted at intermediate temperatures. The authors concluded that 
larval trematodes alter the metabolic temperature response of the 
snail host at the extremes. Thus, the thermal histories of snails used 
in metabolic studies are important.
Changes in Fecundity
The reported trematode-induced histological changes in molluscan 
gonads are described above. The variability of tissue damage in the 
gonad is reflected in the variability in the fecundity of infected 
snails. Several authors have reported parasitic castration in infected 
snails (see page 10). Najarin (1961) reported decreased egg production 
in Bulinus truncatus infected with Schistosoma haematobium and Pesigan 
et al., (1958) noted a five-fold reduction in the egg-laying of 
Oncomelania quadrasi infected with Schistosoma japonlcum. Decrease 
in egg production was likewise observed by Coelho (195^) in B. glabrata 
infected with S. mansoni and the reduction was found to be increasingly 
pronounced during the period of infection. After a few weeks of shed­
ding cercariae few if any eggs were formed. Pan (1963) reported that 
egg laying in B. glabrata parasitized by S. mansoni ceased from the 
5th through the l8th week of infection, and he concluded that parasitic 
castration had occurred. However, Brumpt (l9^l) and Etges and Gresso 
(1965) reported the presence of S. mansoni cercariae in the egg masses 
of infected snails. Thus, oviposition apparently continued during the 
period of infection. Egg production in B. glabrata is re-established 
following "self-cure" of S. mansoni infections (Barbosa and Dobbin,
195^; Barbosa and Coelho, 1955; Barbosa, 1962).
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Etges and Gresso (1965) reported that inhibition of egg laying 
in B. glabrata infected with S. mansoni began in the Uth week of 
infection, before the beginning of cercarial emergence, but was resumed 
before the loss of infection, about 90 to 100 days after penetration 
of miracidia. Eggs from infected snails underwent normal development 
and hatching but they were produced at 10$ of the normal rate.
In findings generally contrary to those of other authors, Sturrock 
(1966) reported that snails (Biomphilaria pfeifferi) infected with 
S. mansoni before maturity laid some eggs throughout life but complete 
sterility occurred in snails infected after maturity.
McClelland and Bourns (1969) noted a sharp reduction in the number 
of eggs laid by Lymnaea stagnalis beginning 12 weeks after infection 
with Trichobilharzia ocellata. A much more rapid change in fecundity 
was observed by Hosier and Goodchild (1970) in Menetus dilatatus infec­
ted with a Georgia strain of Spirorchis scripta. Egg laying was reduced 
by three days postinfection and completely suppressed in one week. In 
another strain of the same parasite, however, egg laying was reduced 
by nine days postinfection but never suppressed completely.
The extent of gonadal damage is related to the type of larvae 
produced by the trematode species, rediae being more pathogenic than 
sporocysts. Zischke and Zischke (1965) reported that the fecundity 
of Stagnicola palustris infected with the rediae of Echinostoma 
revolutum was progressively decreased until the host was essentially 
castrated. Even the indirect influence of the presence of metacercariae 
may affect fecundity. Foster (1958) reported a reduction in egg produo 
tion in the slug Agriolimax reticulatus, the kidney of which harbored 
brachylaemid metacercariae.
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Factors Affecting Pathology
As Faust (1917) observed, it is unlikely that any trematode 
infection no matter how light, is without some effect on the molluscan 
host. The nature and degree of pathology caused by any trematode 
species are related to: (l) type of larvae, sporocysts or rediae,
(2) size and number of larvae, (3) inherent physiological differences 
between larval species, (h) principle site of infection, (5) size and 
age of host, (6) rate of development of larvae relative to time of 
infection and life span of host, (7) mobility of larvae, and (8) resist­
ance of host. The relative importance of each of these factors varies 
with the species of parasite and mollusc involved.
Type of larvae. The different pathological effects of sporocysts 
and rediae are related to their different feeding methods. Cheng 
(1963a) noted that the reduction in glycogen in hepatopancreatic cells 
was more pronounced in H. trivolvis infected with sporocysts than in 
those infected with rediae. He concluded that this was because sporo­
cysts obtained all their food by absorption through their body wall, 
whereas, rediae are able to ingest healthy digestive gland cells.
James (1965) noted no difference between the pathogenicity of sporocysts 
and rediae, and he concluded that absorption was the principle method 
of feeding in both types of larvae. Rediae are apparently more damag­
ing to the gonad than sporocysts.
Size of larvae. Rees (1936) suggested that greater damage was 
done by species with large larvae. However, James (1965) reported
that the small sporocysts of Cercarla ubiquita did more damage to 
the hepatopancreas of L. saxatilis than the large rediae of C. lebouri. 
Moreover, Zischke (1967) observed that small individual rediae (0.5 mm 
long) of E. revolutum may occupy a relatively large proportion of the 
entire mass of a small snail (2 mm long). It is the host-to-parasite 
mass relationship that is probably most important in determining 
pathology.
Site of infection. Invasion of some tissues by trematode larvae 
is undoubtedly more detrimental to the snail than invasion of other 
tissues. Asexual reproduction by trematode larvae occurs most 
commonly in the loose vascular connective tissue surrounding the 
hepatopancreas.
The amount of damage to the hepatopancreas varies with the species 
of parasite and host. James (1965) reported that the amount of diges­
tive gland destroyed in L. saxatilis ranged from 15 to 100$ depending 
upon the species of parasite. It has been suggested that snails possess 
more hepatopancreatic tissue than necessary for normal digestive func­
tion and are thus able to accommodate invading larvae (Sinitsin, 193l)»
Damage to the gonad and reproductive glands may be extensive 
without seriously endangering the life of the host. In contrast, even 
mild invasions of organs, such as the heart and kidney, may seriously 
affect the survival of the host. Foster (1956) noted that a relatively 
small number of brachylaemid metacercariae affected the fecundity and 
mortality rate of A. reticulatis. Serious impairment of circulation 
by the formation of a 'blocking layer" composed of larvae has been 
reported by Rees (1936) and James (1965). Thus pathogenicity is
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influenced by the organs affected, but considerable variation in host- 
parasite compatability exists.
Host size and age. Larger snails are able to support larger 
populations of larvae (Zischke, 1967)* Also host-parasite compati­
bility may vary with snail size, the effects of infection being more 
pronounced in one size group than in another. However, snails of the 
same age may differ greatly in size, especially when the effects of 
the parasitism are superimposed on the normal variability in the 
population. The relationship between snail age and size must be 
known in a study of this type.
James (1965) examined the effects of five species of trematodes 
on the hepatopancreas of L. saxatilis in relation to the rate of devel­
opment of the larvae, the time of initial infection and the life span 
of the host. He observed that the snail had a life span of l6 months 
with reproductive cycles ending at six and twelve months of age, 
respectively. One trematode species infected only juvenile snails 
while the other four infected only snails at the end of their repro­
ductive cycles. Thus, the time available for development varied 
between the species. Since the larvae developed at different rates, the 
effects of the infections depended mainly on the rate and time available 
for development. James worked only with naturally infected snails. He 
had no experimental data on the development of the infections and he 
offered no explanation for the remarkable variation in susceptability 
at different periods in the life history of the host.
Mobility of larvae. Destruction of the hepatopancreas has also 
been correlated with the mobility of the larvae. Of the five species
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examined by James (1965)* four had highly contractile and one had 
relatively inactive larvae. The digestive gland was uniformly 
destroyed by the highly mobile larvae but localized destruction and 
formation of a 'blocking layer" was noted with the less mobile form.
Host resistance. The interrelated physiological factors that 
produce host resistance or susceptability play an important part in 
determining the effects of the larvae on the snail. Susceptability 
not only varies between snail species (and even varieties of the same 
species), but also between different age groups in the same population 
(James, 1965; Zischke, 1966).
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Statement of Problem
It was the purpose of this study to determine the changes induced 
by the larvae of Echinostoma revolutum in the tissue structure of the 
visceral region (the primary site of infection) of the snail host 
Stagnicola palustris and to relate these changes to several processes 
directly influenced by the functioning of the tissues in this region.
The functional processes examined included: (l) growth and shell
formation, (2) respiration, and (3) reproduction. The histopathological 
and physiological changes induced by the parasite were considered in 
light of the degree of infection (parasite burden) and the stage of 
the infection relative to the age of the snail. Observations were 
also made on the induced changes in host tissue carbohydrate and 
protein to provide information on the possible nutrient sources of the 
parasite.
The principle short coming of previous studies has been that, 
with few e:.-eptions, they were conducted on naturally infected snails 
and the histories of the infections were unknown. In most cases, 
neither age of the infection nor the approximate number of parasites 
present was determined, and it is likely that many of the snails used 
harbored more than one species of parasite, especially the metacercar­
iae of other trematodes. Nearly all previous histopathological studies 
have been without adequate descriptions of the normal histology of the 
host. The need for a rigidly controlled study of the effects of a 
single species of trematode on one species of snail has been suggested 
in earlier papers. Duerr (1967) concluded that the reason for the 
high degree of variability in reported metabolic rates in snails was
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due to the presence of trematode larvae. Moreover, infection hy 
metacercariae alone has been shown to affect gastropod fecundity 
(Foster, 1958)-
MATERIALS AND METHODS
Specimens of S. palustris were collected from a pond near North- 
field in southeastern Minnesota. They were maintained in aerated tap 
water in aquaria 52 x 3O x  27 cm or in enamel pans 50 x 30 x 6 cm and 
fed Romaine lettuce. Stacking dishes 10.5 cm x 4.5 cm were occasion­
ally used to incubate eggs or to rear snails individually. Unless 
otherwise stated all snails were maintained at 20 to 25° C.
Cercariae and metacercariae of Echinostoma revolutum were found 
in 3.5 to 8.0$ of the snails collected during July and August, and 
these snails were used to establish the life cycle of the parasite in 
the laboratory. Metacercariae from the hepatopancreas and kidney of 
infected snails were fed, 50 to 100 at a time, to pigeons which began 
to pass E. revolutum eggs 11 to 14 days later. Eggs, washed from the 
feces or teased from adult wormswere incubated in tap water in petri 
dishes at 27° C until hatching occurred (after 13 to 17 days). Snails 
were exposed individually to miracidia in 35 ml vials containing 10 ml 
tap water. Cercariae, shed by infected snails 46 to 62 days after 
exposure, were used to infect second intermediate hosts, also S. palus­
tris, which served as sources of metacercariae to infect other birds.
Observations on the histopathology of E. revolutum larvae were 
made from 6 to 10 micron thick sections of snail tissue stained with 
Harris or Ehrlich's hematoxylin and counter stained with eosin.
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Glycogen determinations were made using the periodic acid-Schiff 
reaction (PAS) according to the technique described by McManus and 
Mowry (i960). Alternate slides with sections cut in series from the 
same snail were either treated with PAS only or digested with 0.1$ 
diastase and then treated with PAS. In this way the glycogen, digested 
by the enzyme, was distinguished from the rest of the PAS positive 
components of the sections.
Calcium determinations in tissue sections were made with the 
alizarin-Red S technique of McGee-Russell (1958).
A Beckman microzone electrophoresis unit was used to make tissue 
protein analyses. Snails were bled by cutting off the tip of the spire 
and the blood was dripped onto a piece of waxed paper. Two haemolymph 
samples from each of four snails, two infected and to uninfected, were 
separated on each cellulose acetate membrane. Each sample consisted of 
seven individual applications. Samples of head-foot muscle and hepato­
pancreas were homogenized with two drops of 0.6 M sucrose in a glass 
homogenizer and then applied in a manner similar to the haemolymph 
samples. Separations were carried out at pH 8.6 in barbital-sodium 
barbital buffer of 0.05 ionic strength. After electrophoresis at 250 
volts and 3*5 to t.5 ma for I5 hours at 5° C the membranes were fixed 
and stained with Ponceau S fixative dye solution and destained with 
5$ acetic acid. They were flattened between two blotters, dried and 
stored in plastic envelopes. The membranes were placed over a light 
table for observation, since scanning with a densitometer after clear­
ing the membrane often failed to reveal minor protein fractions.
Copper analysis of fresh haemolymph samples diluted with distilled 
water were made on a Perkin-Elmer Model 3t>3 atomic absorption spectro­
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photometer.
Prior to making respiratory measurements the outer shell surface 
of each snail was cleaned and dried and the animal vras forced to 
contract into its shell to expel any excess water in the interior.
The snails were weighed to the nearest centigram.
To eliminate any effects of temperature change snails were main­
tained at a constant temperature of 25° C for five days prior to 
making respiratory measurements. Oxygen consumption was measured with 
a Warburg constant volume respirometer following techniques described 
by Umbreit et al., (1957)- Snails were placed in a 20 ml single-side 
arm reaction vessel in 3 nil distilled water plus 1000 units penicillin 
G per ml. Since the snails moved freely about the vessel 0.5 nil of 
20$ K0H was added to the side arm instead of the center well to prevent
the animals from coming in contact with the reagent. The vessels with
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the snails were then fitted to the manometers, submerged in a 25 C 
water bath and allowed to equilibrate for 15 minutes before beginning 
measurements. The reaction vessels were not shaken since it was 
observed that the snails frequently retracted into their shells when 
the vessels were moved. Duerr (1967) reported that accurate respira­
tory information on snails can be obtained without shaking the vessels.
To determine the effects of infection on fecundity, egg masses 
were collected from only two snails in order to provide enough material 
and yet keep genetic variation at a minimum. The eggs were hatched 
in an enamel pan 5° x 30 x 6 cm in 5 liters of water from which snails 
were periodically removed, for exposure to miracidia when they had 
reached preselected sizes. Both the exposed and control snails were
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subsequently reared individually in stacking dishes 10.5 x 4.5 cm in 
250 ml water to maintain similar conditions and yet be able to deter­
mine later which of the exposed snails developed infections. The 
water in each dish was changed every third day. Care was taken to 
disturb the snails as little as possible. Eggs were removed and 
counted as they appeared and the masses were retained in petri dishes 
and their development and hatchability were observed.
For growth rate studies, snails of preselected sizes derived from 
egg masses from the same individual were exposed to varying numbers 
of miracidia. After exposure the snails were reared in individual 
stacking dishes 10.5 x 4.5 cm in 250 ml water. The water in the dishes 
was renewed every third day. At regular intervals snail size, measured 
with a 0.1 mm interval calipers, was recorded as length in ram from tip 
of spire to base of body whorl. Exposed snails were removed from the 
experiment when it became apparent that they were not infected.
Rates of shell formation were determined by a modification of the
technique described by Wilbur and Jodrey (1952), in which the rate of
calcium deposition is measured in terms of the rate of deposition of
Ca^5 on the inner shell surface. Prior to exposing the snails to
4^solutions containing Ca , the outer surfaces were cleaned, dried and 
coated with nail polish to prevent uptake of the isotope by the shell. 
The snails were then returned to tap water for several hours to remove 
all traces of the nail polish solvent. Individual snails were placed 
in 200 ml tap water in 250 ml plastic beakers. When normal movements 
were observed, the water was exchanged for tap water plus enough Ca^5 
to give an activity of 3 x 10^ counts per minute per liter. The
27
isotope was carrier-free and thus did not appreciably increase the
total calcium content of the water. The temperature range throughout
the experimental period was 22.0 to 23*5° C.
At the end of the exposure period (4 to 2b hours) snails were
removed from the shell with forceps after severing the columellar
muscle. Pieces of shell 5 x 5 mm were cut out with a small triangular
file and washed with a stream of distilled water from a wash bottle
to remove any adhering radioactive material. Radioactivity of the
inner shell surface was measured with a gas flow counter with a
2
window thickness of 1.5 mg/cm .
The amount of calcium deposited was calculated from the following 
relation:
As
D =  x C,
Aw
where D is mg Ca deposited/cm^; As is counts/min/cm^ on shell; Aw is 
counts/min/liter medium, and C is mg Ca/liter tap water.
Empty shells were exposed to solutions with the same radioactivity 
as living snails in order to estimate the radioactivity due to exchange. 
The values obtained for living snails were corrected for exchange in 
each case.
RESULTS
PART I OBSERVATIONS ON UNINFECTED SNAII£
Structure and Histology of the Visceral Region
Tissue sections of the visceral region of 32 uninfected snails 
ranging in size from 2.5 nun to 30 mm were made to determine the normal 
structure and histology of the primary site of Echinostoma revolutum 
larval infection in Stagnicola palustris.
Structure of the visceral region. The major organs of the viscer­
al complex are the hepatopancreas and the ovotestis. Sections show the 
tubular elements (ducts and follicles) of the hepatopancreas cut at 
various angles (Figs. 1; 2). The ovotestis is embedded in the 
columellar surface of the hepatopancreas and may in some sections be 
completely surrounded by tissue of the digestive gland. Surrounding 
the ovotestis and hepatopancreas is the loose vascular connective 
tissue of the visceral sinus (Fig. l). The exterior of the visceral 
region is covered by the thin tunica propria (Fig. l).
Hepatopancreas. The hepatopancreas of S. palustris consists of 
two branched alveolar outpocketings of the pyloric portion of the gut 
just posterior to the gizzard. The hepatopancreatic ducts terminate 
in cell clusters, the follicles. Normal ducts and follicles consist 
of an outer supporting framework of connective tissue and an inner 
epithelium (Fig. 2). In the epithelium three basic cell types were
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distinguished: (l) digestive cells, (2) lime cells, and (3) mucous
cells.
Random cell counts indicated that digestive cells constitute 
from 80 to 90$ of a strip of epithelium 200 microns long. Five dif­
ferent morphological states of the digestive cells were distinguished 
in tissue sections from snails of the same age that were maintained 
under similar conditions. No effort was made to relate the morpho­
logical state of the cells to their precise functional condition. 
However, the following morphological descriptions likely reflect 
physiological phases in a continuum of cyclical changes. Therefore, 
the states described are, at best, arbitrarily selected morphological 
conditions of a polyphasic cell type.
The first morphological state of the digestive cells was the most 
common condition observed. In this state the cells are tall columnar 
with a prominent, usually centrally located, vacuole occupying as much 
as one-half of the cell (Figs. 3> 27). In snails 10 mm long the cells 
are approximately 10 by ^0 microns. The nucleus measures approximately 
4 by 6 microns, is generally basal in position and contains scattered 
chromatin granules and a small nucleolus. The cytoplasm surrounding 
the nucleus is generally reticular in appearance while that distal to 
the vacuole may contain small (up to U.5 microns in diameter), spher­
ical granules that stain pink in hematoxylin-eosin preparations and 
react strongly with PAS. In some cells the granules are lacking or 
few in number (Fig. 3)> while in other cells moderate accumulations 
of granules can be seen (Fig. b ). Contents of the vacuoles consist 
of yellow-brown particles that are apparently unstained with hema­
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toxylin-eosin but react with PAS. When the cells undergo partial 
breakdown the contents of the vacuoles are discharged into the lumen 
of the duct or follicle (Fig. k ). A thin border approximately one 
micron thick can be seen on the free edge of some of the cells in this 
state (Fig. 3)- Because the border is not visible on all cells it is 
not clear whether it is a transitory cell structure or a manifestation 
of the cell and follicle lumen interface.
In the second morphological state large quantities of the acido­
philic, PAS positive granules are present in the cytoplasm distal to 
the vacuole (Figs. 5j 29). The granules may fill the entire distal 
two-thirds of the cell. The presence of the granules causes the distal 
end of the cell to svell and the free edge to bulge irregularly into 
the lumen of the duct or follicle. In snails 10 mm long the cells 
attain a maximum length of 35 microns in the second state. The nucleus 
is generally elliptical, approximately 5 microns in greatest diameter, 
with scattered chromatin granules and a prominent nucleolus.
Cells in the third morphological state are in various stages of 
breakdown. In some cells only the free edge is broken and a portion 
of the distal cytoplasm is dispersed into the lumen of the duct or 
follicle (Figs. 6: 28). Other partly broken down cells appear highly 
disorganized with much of the cell contents dispersed to the lumen and 
the nucleus surrounded by an irregularly shaped mass of cytoplasm 
(Fig. 7). Synchronous breakdown was only observed when the digestive 
cells contained large numbers of acidophilic granules. Breakdown of 
other cells was noted in scattered individuals or small groups of 
cells (Fig. 6). The contents of the lumen of the duct or follicle in
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sections with epithelial cells in different stages of breakdown varies 
from a faintly basophilic cloud of material derived from the extruded 
reticular cytoplasm (Figs. 1; 2) to an acidophilic homogenous cloud 
(Figs. J; 8) depending upon the quantity of acidophilic granules in 
the distal cytoplasm.
The fate of the digestive cells that underwent breakdown was 
difficult to determine with certainty. However, cells in a fourth 
morphological state appeared to be partly broken down cells that were 
undergoing reorganization from the remaining basal portion (Fig. 8). 
These cells form a low epithelium and may contain small vacuoles. The 
cytoplasm of some of the cells contains acidophilic granules. The 
similar acidophilic staining qualities of the granules, contents of 
the vacuoles and contents of the lumen of the follicle indicated that 
the cells were regenerating following the breakdown of their distal 
ends.
Cells that are apparently in a stage of transition between those 
in the third and fourth morphological states can be seen in sections 
containing the other two cell states. An example of these cells is 
shown in Figure 9. The cells lack organization and numerous open spaces 
are present within the epithelial layer. The outer portion of the 
disorganized layer, containing acidophilic granules, shows a compact 
structure which makes it distinct from the acidophilic cloud of mater­
ial in the lumen of the duct or follicle.
From the above observations on the morphology of the digestive 
cells in tissue sections it is concluded that the normal secretory 
phase involves only partial breakdown of the cells and is therefore
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apocrine in nature.
A digestive cell in a fifth morphological state contains a large 
vacuole at its distal end. The vacuole contains either one large 
(up to 1 microns in diameter) or several small, spherical, amber 
colored bodies (Figs. 10; 30). These are the bodies designated 
"excretion bodies" by Carriker and Bilstad (l9k6) and others. They 
are commonly observed in the lumina of the ducts or follicles indicat­
ing that they are periodically discharged from the vacuoles. The 
reticular cytoplasm of the cells in this state lacks acidophilic 
granules and the nucleus is usually elongated in the narrow proximal 
portion of the cell. In snails 10 mm long these cells average approx­
imately 28 microns in height and the nuclei average microns in 
greatest diameter. Cells of this morphological type are always found 
adjacent to the lime cells (described next).
Lime cells are clustered in small groups, usually five cells or 
less, located normally at the bases of shallow crypts in the hepato- 
pancreatic epithelium (Figs. 10; 32). Approximately 10 to 15$ of the 
cells in a strip of epithelium 200 microns long are lime cells. They 
are highly variable in size and appearance, the largest ones being 
approximately 15 to 20 microns in snails 10 mm long. The larger cells 
are roundly pyramidal and broader at their proximal ends (Figs. 3> H> 
3l). The elliptical nucleus ranges up to 6 microns in greatest 
diameter and contains scattered chromatin granules and a prominent 
nucleolus. The cytoplasm which stains dark purple in hematoxylin- 
eosin preparations contains lighter staining spherical inclusions 
ranging up to 3 microns in diameter. In sections stained with alizarin-
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red the spherites appeared light red in color indicating the presence 
of calcium. The number of spherites in the lime cells was highly 
variable, the cytoplasm of some cells being completely devoid of these 
inclusions. Hie distal ends of some lime cells were observed separa­
ting from the basal portion, suggesting that their secretion is apocrine 
in nature (Fig. 11).
Mucous cells are scarce in the epithelium of the hepatopancreatic 
ducts and follicles but can occasionally be seen between the digestive 
cells (Fig. 30)- They are extremely variable in appearance but are 
usually elongated with a broader proximal portion ending at the 
connective tissue sheath of the follicle and a slender neck extending 
to the lumen. The elongated nucleus, averaging k microns in length, 
is variable in position and contains a small number of scattered 
chromatin granules plus a small nucleolus. Mucous cells are difficult 
to identify in sections stained with hematoxylin-eosin but the cyto­
plasm is intensely PAS positive.
The connective tissue sheath surrounding the ducts and follicles 
of the hepatopancreas consists of a single layer of fibroblasts with 
amber colored fibers (Fig. 3l)-
Loose vascular connective tissue. Surrounding the hepatopancreatic 
ducts and follicles are the tissue spaces of the visceral sinus. The 
sinus is interlaced with fibroblasts which in some areas form a 
trabecula-like support (Figs. 1; 32). Fibroblasts are generally 
fusiform but may have several branching processes which attach to or 
end on nearby fibroblasts forming a meshwork (Figs. 1; 32). The 
elongated nucleus, is rich in fine chromatin and has a single nucleolus.
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In hematoxylin-eosin stained material the thin layer of cytoplasm 
surrounding the nucleus appears light purple.
Scattered among the fibroblasts are cells containing various 
amounts of brown-black pigment (Fig. 32). Pigment cells are very 
irregular in size (up to 3-5 by 8.5 microns) and shape, being roundly 
triangular, oval or elongate, and often bear processes. The nucleus 
is round to ovoid, is rich in chromatin and contains a small nucleolus. 
Coarse brown-black pigment granules are present in the cytoplasm.
Also distributed throughout the connective tissue of the visceral 
region are cells designated by Carriker and Bilstad (19^ -6) as vesicular 
cells (Fig. 32). They are variable in shape, being round, ovoid or 
roundly tetragonal and range in size up to 7-0 by 9-5 microns. The 
nucleus is round to ovoid, averages 3*0 by b.O microns, and contains 
few chromatin granules. In hematoxylin-eosin preparations the cytoplasm 
stains faintly red and can usually be seen to contain a fibrillar 
network. The cytoplasm reacts strongly with PAS.
Since amoebocytes are present in the blood of S. palustris they 
are found distributed throughout the loose vascular connective tissue 
of the snail in tissue sections. In addition to the free amoebocytes 
there are also amoebocytes fixed to the trabeculae produced by the 
interlacing fibroblasts in the visceral sinus (Fig. 32). In sections 
the amoebocytes are round, ovoid or lobate and fixed cells may also 
have short processes, Ihe largest amoebocytes measure approximately 
5*6 by 10.0 microns but they vary considerably in size and shape. The 
nucleus averages 3*0 microns in greatest diameter is round to ovoid 
and vesicular with a large amount of coarse chromatin. The cytoplasm
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is lightly basophilic, granular and usually shows coarse vacuolation.
Ovotestis. The ovotestis of S. palustris is a compound lobate 
organ partially or completely embedded in the columellar portion of the 
hepatopancreas. It is first seen as an organized structure with recog­
nizable germ cells when the snails are 6 to 8 mm long. Each gonad 
consists of up to approximately 125 acini (in snails over 30 mm long).
The acini are composed of an outer wall of connective tissue and an 
inner area of developing g e m  cells (Fig. 12).
The connective tissue wall consists of layered fibroblasts two 
to three cells thick and abundant fibers.
In sections of the germinal epithelium the ova are usually located 
at the apices of the acini and the developing male gametes are arranged 
along the side walls (Fig. 12). Spermatogonia (Fig. 12) are drop shaped 
and have basophilic cytoplasm. The nucleus, which fills most of the 
cell, is rich in chromatin, has a small nucleolus and averages 4.5 
microns in diameter. These cells give rise to spermatocytes which are 
larger and have slightly acidophilic cytoplasm. The spermatocyte 
nuclei average 6.0 microns in diameter and possess chromatin which 
varies in appearance from highly diffuse to a rounded compact aggregate 
(Fig. 12). Spermatocytes give rise to spermatids (Fig. 12) which at 
first possess a small round nucleus approximately 3*0 microns in 
diameter. The nucleus later becomes compact and finally crescent­
shaped as the spermatozoan matures.
Sertoli cells are variable in size and shape but are usually broad 
columnar (Fig. 12). They contain an ovoid, chromatin-rich nucleus (aver­
aging 9*0 microns in greatest diameter) with a large nucleolus, and
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reticular acidophilic cytoplasm with varying numbers of small vacuoles.
The mature ovum measures approximately U5.O microns in diameter 
and contains a round nucleus approximately 16.5 microns in diameter 
with one or two large nucleoli (Fig. 12). In hematoxylin-eosin prep­
arations the cytoplasm stains reddish purple and is coarsely granular. 
The cytoplasm reacts strongly with PAS. Nurse cells form enveloping 
sacs around the ova (Fig. 12).
Tunica propria. The outer cellular body covering of the visceral
region of S. palustris is termed the tunica propria. It consists of 
an outer region of epithelial cells underlain by smooth muscle fibers 
and fibroblasts (Figs. 1; 32). The epithelial portion varies from one
to three cells in thickness and the shape of the cells ranges from
cuboidal to squamous. Varying concentrations of pigment granules are 
found in the epithelial cells. In some areas the muscle layer is 
separated from the epithelial layers by a network of brown fibers.
The number of muscle and connective tissue fibers in the tunica propria 
varies greatly from one region to another.
Observations on Tissue Chemistry
Carbohydrates. To determine the general distribution of carbo­
hydrates, and specifically glycogen, in the visceral region, tissue 
sections were treated with PAS or digested with diastase and then 
treated with PAS. The cytoplasm of mucous cells and the free-surfaces 
of digestive cells reacted intensely with PAS. A moderately strong 
reaction to PAS was noted in the cytoplasm of the following: digestive
cells (distal to the vacuole), lime cells, vesicular cells, Sertoli
37
cells and ova. In all other cells the cytoplasm reacted only faintly 
with PAS. The connective tissue sheath of the ducts and follicles of 
the hepatopancreas and the connective tissue wall of the acini of the 
ovotestis as well as the vacuolar contents of digestive cells also 
showed a moderately strong reaction with PAS.
When sections were first treated with diastase a noticeable re­
duction in the intensity of the PAS reaction (indicating where glycogen 
had been present) was observed in the cytoplasm of the digestive cells, 
lime cells, vesicular cells, Sertoli cells and ova. In all other cells 
no discernable difference in the PAS reaction, with or without diges­
tion, was observed.
Proteins. Head-foot, hepatopancreas and haemolymph proteins from 
snails of three different sizes (10 to 12, 16 to 18 and 22 to 2k mm) 
were separated by microzone electrophoresis.
Figure 35 shows composite diagrams of the developed electrophor­
etic membranes of haemolymph from 10 individuals (uninfected) in each 
size group with the average migration distance of each fraction in 
millimeters. The number of protein fractions decreased from eight to 
two with increasing snail size. Snails 22 to 2k mm long had only two 
fractions that migrated together. The development of the bands from 
these two fractions (at 18 and 20 mm) was more pronounced in larger 
snails.
Protein fractions from the hepatopancreas increased from three to 
seven as the size of the snail increased (Fig. 36, uninfected) and the 
number of fractions from the head-foot increased from two to four also 
with increasing snail size (Fig. 37, uninfected).
Atomic absorption spectrophotometric analysis of the haemolymph 
from uninfected snails showed that no copper was present.
Growth
To determine the absolute growth rate of laboratory reared S. 
palustris the lengths of 30 snails from the same egg mass were averaged 
every 20 days starting 10 days after hatching.
The snails attained an average length of 13*1 mm 50 days after 
hatching. Subsequent growth was at a reduced rate, as shown by the 
change in slope of the growth curve (Fig. 39, curve A). By 190 days 
after hatching, when the last measurements were taken, the snails 
averaged 30.1 mm in length.
Shell Formation
Shell deposition rates were calculated for the region at the outer 
edge of the aperature in snails 20 to 25 mm long (Fig. bl, inset S).
The radioactivity of shell samples from 15 snails was counted at each 
four-hour interval, up to 2b hours, of exposure to a solution contain-
n 5^ m g  Ca .
The mean calcium deposition was directly proportional to the time 
of exposure to the isotope (Fig. bl, line A). Marked individual varia­
tions were apparent, as seen in the wide range and large standard devi­
ation at each interval. The mean rate of calcium deposition calculated 
at the end of 2b hours was 6.6 x 10” ^ mg/cm^/hr.
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Metabolic Rate
The rates of oxygen consumption, as measured with a Warburg 
constant volume respirometer, were determined for 15 snails ranging 
in size from 155 to 815 mg (12.5 to 32.6 mm long). Figure 42 (line A) 
shows the relationship between body weight and the rate of oxygen 
consumption. The rate of oxygen consumption was a direct function of 
weight. The equation for the regression line was log y = -0.3001 + 
0.7401 log x and the slope had a standard deviation of _+ 0.084.
Fecundity
The general pattern of egg production in laboratory reared £3. 
palustris is shown in Figure 44. Each point on the curve represents 
the mean number of eggs produced during the five previous days by each 
of 15 snails. Egg production began 68 days after hatching when the 
average length of the snails was 15*4 mm. The mean number of eggs 
layed per day ranged from 7*9 to 15.0 and the snails continued to 
produce eggs throughout the 160 day observation period. A peak period 
of egg production was noted between 110 and 130 days after hatching. 
However, egg production was maintained at approximately the same level 
throughout the observation period and long term observations on other 
snails have shown that the level remains about the same up to the 
time of death which, on the average, is at 14 months of age. The same 
general pattern of egg laying was seen in three groups of snails that 
were run as parallel controls for snails that were infected at differ­
ent ages.
PART II OBSERVATIONS ON INFECTED SNAILS
Sites of Development and Migration of E. revolution Larvae in £L palustris
The general pattern of development of E. revolution in S. palustris 
was described by Zischke (1967). He found that the sporocysts developed 
near the site of miracidial penetration in the superficial anterior 
tissues and began to produce mother rediae 9 to 12 days postinfection.
The mother rediae remained in the anterior tissue and began to produce 
daughter rediae 19 to 23 days postinfection. The daughter rediae migra­
ted to the region of the hepatopancreas and produced cercariae which 
emerged from the snail at 76 to 62 days postinfection.
To determine the exact route of migration of the daughter rediae 
80 snails 15 to 20 iran long were exposed to 10 miracidia each. Ten of 
these snails were crushed and the location of the larvae was noted 
every 5 days from 15 to 50 days postinfection.
The sporocysts were found in the venous lacunae most commonly of 
the tentacles, mantle collar and superficial anterior portion of the 
head-foot. Mother rediae were located in both small and large venous 
channels of the head-foot. A few daughter rediae were found in the 
cephalopedal sinus of the head-foot in one of the snails examined at 
15 days postinfection. The number of daughter rediae in the cephalo­
pedal sinus then increased during the remainder of the 50 day post­
infection period. Beginning at 25 days postinfection daughter rediae 
were found in the mantle (pulmonary vein) and at 30 days were noted 
in the auricle, ventricle, aorta, visceral aorta, hepatic arteries 
and visceral sinus. Daughter rediae appeared in the visceral sinus in
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increasing numbers at subsequent examination periods.
Additional infected snails (over 25 mm long) were crushed and 
examined at 55 (10 snails), 57 (12 snails), 60 (8 snails), 62 (10
snails), 65 (7 snails), 70 (15 snails), 80 (10 snails), 90 (8 snails)
and 100 (6 snails) days postinfection to determine the position of 
the larvae and the appearance of the host tissue. At 30 days post­
infection daughter rediae were found in the loose vascular connective
tissue between the branches of the anterior portion of the hepato­
pancreas. In older infections the number of larvae progressively 
increased and they were found further posterior. By 40 days post­
infection the first daughter rediae had invaded the area of the 
ovotestis. At 60 days postinfection the rediae occupied the central 
portion of the visceral region and the hepatopancreatic tissue was 
generally crowded to the periphery. The ovotestes in infections of 
this age were approximately one-fourth their normal size. By 80 days 
postinfection little of the hepatopancreas remained and in all but 
three of the snails examined no trace of gonadal tissue was found.
Ten snails infected when less than 5-0 mm long were examined to 
determine the site of E. revolutum larval development in young snails. 
Sporocysts were found in the venous vessels of both the head-foot and 
mantle collar as in adult snails. However, in contrast to infections 
in adult snails both mother and daughter rediae were found in the 
visceral sinuses of some of the young infected snails. No evidence of 
gonadal development was observed in any of the young infected snails 
examined.
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Changes in the Structure and Histology of the Visceral Region
To determine the histopathological changes induced by the larvae 
of E. revolutum in S. palustris, tissue sections were made of 35 
snails ranging in size from 3*5 to 35*7 mm and infected for periods 
of up to 100 days.
No histopathological changes or host tissue reactions were noted 
during the development of sporocysts and mother rediae (Fig. 13) in 
the anterior blood vessels of the snail or during the subsequent migra­
tion of the daughter rediae to the visceral sinus. The tissues 
affected by the developing daughter rediae included the glandular 
epithelium of the hepatopancreas, the loose vascular connective 
tissue of the visceral sinus, the ovotestis and the tunica propria.
Hepatopancreas. It is very difficult to assess the effects of 
parasitism on the epithelium of the hepatopancreas of S. palustris 
because of the highly plastic nature of this tissue. However, certain 
morphological conditions, clearly outside of the pattern of variation 
seen in unparasitized snails, were observed in snails infected with 
E . revolutum larvae.
During the early stages of invasion of the visceral region by 
daughter rediae no pronounced abnormalities were observed in the 
epithelium of the hepatopancreas. However, as the infections grew 
older and more larvae moved into the visceral sinus two distinct 
types of pathology were observed: (l) syncytial degeneration, i.e.,
reduction of the epithelium to a syncytial layer with the ultimate loss 
of the entire epithelium, and (2) vacuolar degeneration, i.e., forma­
tion of one or more large vacuoles in the epithelial cells.
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Syncytial degeneration was the most common type of histopatho­
logical change in the hepatopancreas and was observed primarily in 
snails that were infected when less than 65 days old and approximately 
15 mm in length.
In the early stages of syncytial degeneration the boundaries of 
the individual digestive cells were less distinct than normally and 
the free edges of the cells became increasingly irregular (Figs. 1J+;
15; l6). The cytoplasm was reticular with small irregularly shaped 
vacuoles in the region distal to the large primary vacuole. Within 
the large vacuoles were irregular networks of material (Figs. 15; l6). 
The nuclei were generally pycnotic. As degeneration progressed the 
digestive cells were reduced in height and the lateral cell boundaries 
were no longer visible (Fig. 16).
Digestive cells in the fifth morphological state (with "excretion 
bodies") also developed pycnotic nuclei and indistinct boundaries as 
a result of degenerative changes (Fig. 15)* The "excretion bodies" 
in the vacuoles of these cells were irregular in shape and density 
when compared with those in cells from uninfected snails (Fig. 15)-
The lime cells were generally smaller in size and contained fewer 
calcium spherites than the cells of uninfected snails (Fig. 15)- Many 
lime cells were completely devoid of calcareous material (Fig. 16).
Lims cell nuclei were approximately the same size as in normal cells 
but the outline was often irregular and the chromatin was not in 
distinct specks but was more diffuse (Fig. 16).
The nuclei of mucous cells were generally pycnotic and the cell 
boundaries became more indistinct as epithelial degeneration proceeded
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(Fig. 15).
In the final stages of syncytial degeneration the epithelium was 
converted into « layer (up to UO microns thick) of loosely organized 
material without distinct cell boundaries (Fig. IT; l8; 33)* Within 
this syncytium were numerous small vacuoles and pycnotic and normal 
appearing nuclei of digestive and lime cells. In some areas the hepato- 
pancreatic duct or follicle was completely denuded of epithelium and 
only the underlying connective tissue sheath remained (Fig. 17).
Vacuolar degeneration of digestive cells was observed in snails 
over 25 mm long that had infections older than U5 days. This type of 
pathology was marked by the progressive development of one or more 
large vacuoles within the cell. In the later stages of degeneration 
(prior to cell breakdown) the vacuoles occupied as much as 90$ of the 
interior of the cell (Figs. 19; 20; 21; 3^)* Contained within the 
vacuoles were varying quantities of yellow-brown particles which were 
similar in appearance to the vacuolar contents of digestive cells in 
the fifth morphological state described for the normal epithelium.
The vacuoles of other cells contained amber colored bodies in the form 
of a single large sphere or a compact aggregate of several small spheres. 
These bodies were similar in appearance to the vacuolar contents of 
digestive cells in the fifth morphological state described for the 
normal epithelium (excretory bodies of Carriker and Bilstad, 19^6) 
but, in contrast to the normal condition, the cells containing these 
bodies were more numerous and were not always adjacent to the lime 
cells. Acidophilic granules were present in the cytoplasm under the 
free edge of some of the cells while the remaining cytoplasm had a fine
5^granular appearance. The nuclei became increasingly pycnotic and 
karyolysis was frequently observed (Figs. 20; 21). The distal portions 
of many of the cells were dislodged and the lumen of the duct or 
follicle contained strands of cytoplasm, acidophilic granules, vacuolar 
contents and nuclei (Figs. 20; 21). In some areas the cells were 
almost completely broken down with only strands of cytoplasm and pycnotic 
nuclei remaining (Fig. 19)*
Vacuoles were also present in many of the lime cells and there 
were fewer calcium spherites in these cells than in normal lime cells.
The nuclei of lime cells were often pycnotic and both karyolysis and 
cytolysis of lime cells was observed (Fig. 21).
Vacuolar degeneration was a persistent abnormality of the diges­
tive gland epithelium and was observed in snails infected for as long 
as 100 days.
Loose vascular connective tissue. The daughter rediae in the 
central portion of the visceral region generally tended to force the 
hepatopancreas against the tunica propria thereby forcing the ducts 
and follicles of the gland closer together. This compaction obliter­
ated much of the loose vascular connective tissue ordinarily present 
between the ducts and follicles (Fig. 19)•
Cellular abnormalities were observed in the loose vascular 
connective tissue in some snails that had infections over 50 days old. 
However, no consistent pathological pattern was evident. Fibroblasts 
often contained scattered brown-black pigment granules and a nucleus 
that was irregular in outline with a reduced amount of chromatin (Fig. 
2k). Abnormal amoebocytes possessed a pycnotic nucleus surrounded by
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a reduced granular cytoplasm lacking the usual vacuolation (Fig. 2k). 
Vesicular cells also were often reduced in size with pycnotic nuclei 
(Fig. 2k).
In snails that were infected when under 15 mm in length (less than 
10 days old) organized loose vascular connective tissue generally failed 
to develop and only scattered amoebocytes were present in the visceral 
sinus (Fig. 17 )•
Limited hyperplasia of visceral connective tissue was only 
observed in snails over 65 days of age (approximately 15 mm long) that 
were infected early in life (when less than j>0 days of age). In some 
of these snails abnormally large accumulations of fibroblasts were 
seen beneath the connective tissue sheath of the ducts or follicles 
of the hepatopancreas.
In one young infected snail (20 days old) the process of encap­
sulation of a mother redia in the visceral region of the snail was 
observed. The capsule being formed consisted of an inner layer of 
fibroblasts with amoebocytes accumulating on the outside (Fig. 25). 
Transitional cell forms seen in the region of capsule formation 
support the conclusion that amoebocytes may undergo metaplasia to 
form fibroblasts.
Ovotestis. In snails that were infected when they were over 65 
days old (approximately 15 mm long) the daughter rediae reached the 
area of the ovotestis by kO days postinfection. There was a general 
reduction in the size of the ovotestis beginning approximately 30 days 
postinfection. As the size of the gonad decreased there was a con­
comitant reduction in the number of gametes produced and an increase
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in the number of abnormal germ cells seen in sections. Abnormalities 
in morphology were especially prominent in the deve]oping ova which 
appeared highly irregular in outline with small vacuoles present in the 
cytoplasm (Fig. 22). Sections from snails in which gametogenesis was 
completely suppressed showed acini that were almost devoid of developing 
gametes (Fig. 23). Degenerating ovotestes also showed marked hyper­
plasia of the connective tissue that formed the outer walls of the acini 
(Fig. 23).
In snails that were infected when less than 5 111111 long no evidence 
of gonadal development was seen in tissue sections.
Tunica propria. As increasing numbers of daughter rediae crowded 
into the visceral sinus the tunica propria became progressively thinner 
(Figs. 2; 17; 2b). The most marked reduction in thickness was noted 
in the epithelial portion. Coinciding with the diminishing thickness 
of the epithelium increasing amounts of pigment appeared in this layer 
(Fig. 2^). Snails infected when they were under 15 mm long often had 
a tunica propria of irregular structure consisting of varying amounts 
of epithelium and connective tissue. In some places the tunica was 
reduced to a thin sheet of fibers (Fig. 17)*
Observations on Changes in Tissue Chemistry
Carbohydrate. No marked differences in the PAS reaction (with or 
without diastase digestion) were noted in the head-foot tissues in 
infected and uninfected snails.
In the visceral region in infected snails some PAS positive cells 
reacted less strongly than in uninfected snails. Cells in which the
PAS reaction was less intense included.: digestive cells, lime cells,
mucous cells, Sertoli cells (when present), ova and vesicular cells. 
However, even in infected snails there was an abundance of PAS positive 
material present. Diastase digestion followed by treatment with PAS 
indicated that in infected snails there was generally less glycogen 
compared to uninfected snails, in the cytoplasm of the following cells: 
digestive cells, lime cells, Sertoli cells, ova and vesicular cells.
The depletion in glycogen appeared to be general in distribution and 
was not clearly related to the proximity of a larva to the affected 
cell. There was, however, great variation in the PAS reactions (with 
or without diastase digestion) in the tissues of different snails 
(uninfected or infected).
Proteins. Haemolymph, hepatopancreas and head-foot proteins from 
infected snails of three different sizes (10 to 12, l6 to 18, and 22 
to 2h mm) were separated by electrophoresis 35 days after exposure to 
10 miracidia and their electrophoretic membrane patterns were compared 
with those from uninfected snails of the same size. In addition, 
separations of haemolymph protein fractions were made on four different 
snails 10 to ll mm long every two days for 20 days after exposure to 
10 miracidia.
Composite diagrams of the developed electrophoretic membranes of 
haemolymph from 10 individuals in each size group are shown in Figure 
35- (The average migration distance of each fraction is given in 
millimeters.) Infected snails had only two haemolymph protein fractions 
(at 18 and 20 mm) regardless of size as compared to as many as eight 
fractions in uninfected snails 10 to 12 mm long.
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In the hepatopancreas infected snails had two less protein 
fractions (three vs. five) in the l6 to 18 ram group and one less 
fraction (six vs. seven) in the 22 to 2b ram group than uninfected 
snails of the same size (Fig. 36). Moreover, the number of hepato- 
pancreatic protein fractions did not increase consistently with 
increasing snail size as was the case in uninfected snails.
Protein fractions from the headfoot of infected snails increased 
from one to three with increasing snail size but each size group had 
one less fraction than uninfected snails of comparable size (Fig. 37)*
The number of protein fractions in snails 10 to 12 mm long 
decreased steadily (from a maximum of eight) following infection with 
only two fractions (probably respiratory proteins) still remaining 
after 10 days postinfection (Fig. 38).
Growth
The absolute growth rates of the following groups of infected 
snails were determined: (l) exposed to one miracidium when h ram long,
(2) exposed to 10 miracidia when b mm long, (3) exposed to 10 miracidia 
when 15 mm long. Each group consisted of 30 snails the lengths of which 
were averaged every 20 days starting 10 days after hatching.
Snails exposed to one or 10 miracidia when h mm long maintained 
a growth rate similar to the controls for the first 25 days postinfec­
tion. Thereafter the growth rates of the infected snails decreased 
(Fig. 39)* At ^0 day age intervals the lengths of the snails exposed 
to one or 10 miracidia, respectively, were the following percentages 
of the lengths of the controls: 70 days 90$ &n(3. 85$, 110 days 88$ and
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8l$, 150 days 86$ and 82$, 190 days 84$ and 79$• The ranges in sizes 
for infected and uninfected snails were comparable at each measurement 
period.
Infected snails exposed to 10 miracidia when 15 mm long grew at 
the same rate as uninfected snails for 20 days following infection 
(Fig. 40). The growth rate was lower in the infected group for the 
next 40 days, but then increased markedly 60 days postinfection.
Because of the accelerated growth during the last 60 days of the 
observation period, snails infected when 15 mm long were only slightly 
smaller than -uninfected snails (29*9 vs. 30*1 ram long) at 190 days of 
age.
Shell Formation
Shell deposition rates were calculated for the region at the 
outer edge of aperture in infected snails 20 to 25 mm long (Fig.
4l, inset). Two types of snails were examined: (l) infected when
approximately 4 mm long (thus inhibiting gonad development), (2) infec­
ted when 14 mm long with rate of deposition measured 70 days postinfec­
tion (when the absolute growth rate was increased). Shell samples from 
15 snails were counted at each 4 hour interval, up to 24 hours, of 
exposure to a solution containing Ca^5.
The mean rate of calcium deposition in snails infected when 14 mm 
long was lower than in uninfected snails, although deposition was still 
directly proportional to the time of exposure (Fig. 4l, line B) and the 
ranges and standard deviations were comparable to those for uninfected 
snails. The difference in calcium deposited during 24 hours by uninfec­
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ted snails (20 to 25 mm long) and those of the same length that were 
infected when 14 mm long was statistically significant at the 95$ 
confidence level. The mean rate of calcium deposition calculated at
the end of 2'* hours for snails infected when it mm long was 5-6 x 10”'1,
“ ^ 2as compared to 6.6 x 10 mg/cm /hr in uninfected snails.
Snails infected when 4 mm long had a lower mean rate of calcium 
deposition than both uninfected snails and snails infected when 14 mm 
long although the ranges and standard deviations were comparable to 
those of the other two groups. The difference between the calcium 
deposited during 24 hours by uninfected snails and those infected 
when 4 mm long was significant at the 99$ confidence level (Fig. i l ,  
line C). The mean rate of calcium deposition calculated at the end 
of 2k hours was 4.3 x 10"  ^mg/cm^/hr.
Metabolic Rate
The rates of oxygen consumption were measured in the following 
groups of 15 infected snails each: (l) with mature infections (4-5 days
old) developed from one miracidium, (2) with mature infections (45 days
old) developed from five miracidia, (3) with developing infections,
from exposure to 20 miracidia (which studies showed gave infection
rates of 98>5$)*
Figure 42 shows the relationship between body weight and the rate 
of oxygen consumption of uninfected snails as opposed to those with 
single and multiple infections.
Snails, ranging in size from 231 to 764 mg (l6.4 to 29-7 mm long), 
infected with one miracidium had a lower oxygen consumption than unin­
fected snails (Fig. 42, line B). The equation for the regressio line
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was log y = -0.203 + 0 .bj8 log x and the slope had a standard deviation 
of + 0.101. The difference between the slopes of the lines for the 
uninfected snails and those with single infections, 0.7^0 - 0.178= 0.221 
was significant at the 99$ level.
Snails, ranging in size from 321 to 792 mg (l8.0 to 29-1 mm long) 
exposed to five miracidia had the lowest oxygen consumption (Fig. U-2, 
line C). The equation for the regression line was log y = -O.I89 +
O.II5 log x and the slope had a standard deviation of _+ 0.111. The 
difference between the slopes of the lines for the uninfected snails 
and those with multiple infections was O.7IO - 0.115 = 0.295 (signifi­
cant at the 99$ confidence level).
To determine the pattern of oxygen consumption of snails during 
the early development of the infection, 80 snails 8 to 10 mm long were 
exposed to 20 miracidia each and the rates of oxygen consumption of 
5 snails were measured every 2 days for 22 days after exposure.
During the first 6 days after infection there was a slight rise 
(not statistically significant, P<0.50) in the oxygen consumption of 
the infected snails (Fig. ^3)* Thereafter, the rates underwent a slow 
overall decrease throughout the remainder of the observation period.
The difference between the oxygen consumption measured at 2 days post­
infection and that measured 20 days later was significant at the 95$ 
confidence level.
Fecundity
Rates of egg production in four different groups of snails, each 
group infected at a different size, i.e., approximately b mm, 9 mm,
53
14 mm and 19 mm long, were compared with rates in uninfected snails.
The approximate infectivity rates for each snails 1 size were pre­
determined (Table II) and enough individuals were exposed to either 
1 or 10 miracidia to yield 15 to 25 infected snails. The mean number 
of eggs produced per snail per day was determined every five days for 15 
individuals exposed to either 0, 1 or 10 miracidia.
Snails 4_ ram long. Egg production in the control group began 68 
days after hatching when the average length of the snails was 15*4 mm 
(Fig. 44). The mean number of eggs layed per day during the l60 day 
observation period ranged from 7*9 to 15.0 with peak production 
occurring between 110 and 130 days after hatching.
All of the infected snails, exposed to either one or 10 miracidia, 
were at least 15*4 mm long, the minimum average size of sexual mat­
uration in the control group, by 77 days postinfection. During the 
next 60 days the snails reached an average size of 21.3 mm but none of 
them deposited eggs.
Snails 2 222 long. All uninfected snails had begun egg laying 36 
days after the beginning of the experiment, when their average length 
was l6.1 mm. The mean number of eggs per snail per day was 7-3 to 14.3, 
with peak production occurring 49 days after the first eggs were layed 
(Fig. 45). The controls continued to produce eggs at about the same 
level throughout the experiment.
Snails infected with one miracidium when 9 mm long produced eggs 
by 46 days (average length 16.2 mm) postinfection. The number layed 
declined sharply from a maximum of 5*2 eggs per snail per day at 60 
days to where no eggs were produced 70 days postinfection.
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Oviposition was initiated 50 days postinfection in all snails 
exposed to 10 miracidia when 9 mm long. The peak production of 3-B 
eggs per snail per day, was at 60 days, and egg laying ceased 65 days 
postinfecticn.
The number of eggs per mass during the last 10 days production 
was very much lower in infected snails (average 13 eggs per mass) than 
in the control group (average 59-9 eggs per mass).
Snails lU mm long. Oviposition began 9 days after the beginning 
of the experiment in uninfected snails and increased from an average of 
5.8 eggs per snail per day at 15 days to 13-^ at 70 days (Fig. U6).
In snails infected with one miracidium when lU mm long egg laying 
had started 14 days postinfection and it was comparable with the controls 
for the next 20 days. Thereafter, production declined from the max­
imum of 8.7 eggs per snail per day to where no eggs were deposited 
between 50 and 55 days postinfection. Egg laying was resumed at a low 
level for an additional 25 days (55 ho 80 days), but no eggs were found 
80 days after infection.
Snails exposed to 10 miracidia when it mm long began ovipositing 
12 days postinfection. Peak production of 6.3 eggs per snail per day 
was observed at 25 days, and then production declined for the next 
30 days. After this time no more eggs were produced.
Snails 19 mm long. The egg production of the control group of 
snails, and snails infected when they were at 19 mm long, maintained 
comparable levels during the first 20 days postinfection. The maximum 
number of eggs deposited per snail per day were: l b .2 at 10 days in
the controls, 13*7 at 25 days in snails exposed to one miracidium and
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11.3 at 20 days postinfection in snails exposed to 10 miracidia (Fig.
Vf). A steady decline in egg output followed the period of peak pro­
duction, which was 20 days postinfection for snails exposed to 10 
miracidia and 25 days postinfection for snails exposed to one mira­
cidium. The period of egg laying of snails infected with one miracidium 
continued until 85 days postinfection, hut ended 30 days earlier in 
snails exposed to 10 miracidia.
Effects of Infection on Feeding
The rate of food consumption in 10 infected and 10 uninfected 
snails of two different sizes, 15 and 20 mm, was determined hy intro­
ducing a known weight of food (dry leaf lettuce) into the vessel con­
taining the snails and re-weighing the remaining food after 2b hours.
Table I shows that the amount of food ingested by uninfected 
snails in each group was higher than in infected snails during the 15 
day observation period. In snails 15 nim long the difference was not 
statistically significant (P<0.50) but it was significant at the 95$ 
confidence level in snails 20 mm long.
Snail Age and Susceptability to Infection
To determine the effect of snail age on susceptability to E. 
revolutum infection, the infectivity rates of snails in five different 
age groups, 5 to 15 (2 to b mm), 30 to bO (8 to 10 mm), 60 to 70 (l4 to 
l6 mm), 95 to 110 (20 to 22 mm) and 1^ -0 to l60 days (26 to 28 mm) were 
calculated (Table II). The youngest snails, 5 to 15 days old, had a 
lower rate of infection when exposed to either 1 (28$) or 10 (62$)
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miracidia than the next 2 older groups, 30 to kO days (38$ and 72$) and 
60 to 70 days (3^ +$ and 66$). The lowest rates of infection were noted 
in the 2 oldest groups examined, 95 to 110 days (2U$ and 5^$) and lUO 
to 160 days old (19$ and ^7$). Thus susceptahility to infection was 
reduced in older adult snails.
DISCUSSION
Tissue Structure and Chemistry
My observations on the histology of the digestive gland of 
Stagnicola palustris conform most closely to the description of the 
histology of the hepatopancreas of Lymnaea stagnalis provided by 
Carriker and Bilstad (19^6). Only three distinct cell types, i.e., 
digestive cells, lime cells and mucous cells, were recognized in the 
digestive epithelium of S. palustris. Although the cells containing 
the spherical, amber-colored bodies ("excretion bodies") in their 
vacuoles were localized in the vicinity of lime cells, they were 
similar morphologically to the digestive cells and are therefore 
considered to be variants of that basic cell type.
The digestive cells -undergo synchronous breakdown when they con­
tain large accumulations of acidophilic granules. This probably 
represents the functional secretory phase of the digestive cells. 
Breakdown of the digestive cells during apocrine secretion in S. 
palustris involved a greater proportion of each cell than the break­
down in L. stagnalis described by Carriker and Bilstad (19^6). How­
ever, the breakdown was not as extensive as that described by Pan 
(1958) during holocrine secretion in Biomphilaria glabrata, at which 
time the entire digestive cell is lost. In addition, in S. palustris 
breakdown of individual cells or small groups of digestive cells 
(without accumulated acidophilic granules) was often observed and the
57
turnover rate of epithelial cells in the digestive gland is probably 
quite high. The secretions of mucous and lime cells in the hepato- 
pancreatic epithelium of S. palustris are also apocrine in nature.
It is clear that, to be of value, any study of trematode induced 
histopathology in the molluscan digestive gland must be accompanied by 
a description of the normal histology of the organ. Only once previ­
ously has a description of histopathological changes been preceded 
by a study of the normal histology of the host (Pan, 195$> 19&3)*
It is significant that Pan (1963) included only a brief description of 
the changes in the digestive gland epithelium of B. glabrata caused 
by the daughter sporocysts of S. mansoni.
Many of the trematode induced tissue abnormalities in the hepato­
pancreas reported by previous authors were probably no more than normal 
histological variations. These reported abnormalities include: cyto­
plasmic vacuolation, movement of nuclei, pycnosis, karyolysis, cytolysis, 
increase in number of secretory cells and decrease in number of calcium 
spherites in lime cells, all of which were observed in uninfected S. 
palustris. Among the trematode induced histological abnormalities 
reported by previous authors that were also observed only in the 
hepatopancreas of infected S. palustris were: flattening of the
epithelium, autolysis and necrosis.
The type of cellular degeneration produced in the digestive gland 
epithelium of S. palustris was clearly related to the age of the snail 
at the time of infection with Echinostoma revolutum. Syncytial degen­
eration was most commonly observed in snails that were infected prior 
to sexual maturity. Reduction of the epithelium to a syncytium was
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accompanied by a reduction in the amount of branching in the entire 
hepatopancreas. The developing larvae in the visceral sinus appar­
ently modified the normal developnent of the gland by inhibiting the 
budding of the terminal end pieces (follicles).
Cellular modifications similar to the syncytial degeneration 
described in S. palustris have been reported in other infections (Lai 
and Premvati, 1955; Patnaik and Ray, 1966) although the ages of the 
snails at the time of infection were not given. The loss of cellular 
integrity (boundaries between cells) and the breakdown of internal 
cell constituents, e.g., large vacuoles, "excretion bodies" and nuclei, 
without notable loss from the free surface of the cell suggests that 
syncytial degeneration involves autolysis that spreads throughout the 
epithelium. There was no evidence that histolysis resulted from 
external lytic agents (enzymes or excretory products of the parasite). 
However, secretory or excretory products from the parasite probably 
contributed to the cause of autolysis among the epithelial cells.
Vacuolar degeneration of the hepatopancreatic epithelium was only 
observed in mature snails in which differentiation of the digestive 
gland was complete at the time of infection. The cellular abnorm­
alities seen in S. palustris are characteristic of vacuolar degener­
ation which is commonly produced in epithelial tissues under a variety 
of pathogenetic stimuli (Perez-Tamayo, 1961; Hopps, 1964). Unlike 
syncytial degeneration, which generally ended with necrosis and loss 
of epithelium, vacuolar degeneration persisted for extended periods 
without causing wholesale destruction of the epithelium since it was 
observed in adult snails with long standing infections (up to 100 days).
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Vacuolar degeneration is considered to be a reversible change (Perez- 
Tamayo, 1961; Hopps, 1964) and the condition may exist in S. palustris 
without seriously impairing its functioning.
The histological changes observed in the ovotestis of S. palustris 
infected with E. revolutum were similar to the changes described by 
previous authors in infections in which the trematode larvae did not 
directly invade the gonad (Rees, 1934] Pratt and Barton, 1941; Wesenberg- 
Lund, 1931; Pan, 1965] McClelland and Bourns, 1969] Hosier and Goodchild, 
1970). These changes included: reduction in number of acini; inhi­
bition of gametogenesis and degeneration of gonadal epithelium. The 
degenerative changes observed in S. palustris mimic the changes pro­
duced by starvation in L. stagnalis (joosse et al., 1968). The modi­
fications in the gonad (reduction in size of the organ and number of 
gametes produced) is judged to be the result of an inadequate nutrient 
supply to the organ.
Histopathological changes in the loose vascular connective tissue 
of the visceral sinus involved mechanical destruction of the tissue 
and atrophy and metaplasia of cellular elements. No marked defensive 
response in the form of tissue reaction in the visceral sinus was 
observed. Fibromata and granulomata in the visceral sinus of infected 
snails have been reported by previous authors (Faust, 1917] Pan, 1963). 
The general lack of cellular response in the loose vascular connective 
tissue may reflect the high degree of adjustment of this parasite to 
its host. On one occasion, encapsulation of a mother redia (normally 
found only in the anterior portion of the snail) was observed in the 
visceral sinus of a young snail. It seems unlikely that the responding
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tissue could discriminate between larval types (mother vs. daughter 
rediae). It is more likely that the defensive mechanism of a young 
snail may function in a limited way against the parasite; the mechanism 
being completely inoperative in an older snail.
Thinning of the tunica propria in infected snails resulted from 
the stretching pressure produced by the parasites in the visceral 
sinus, atrophy of cellular elements within the tunica or both. Rup­
turing of the tunica propria, reported by others (Faust and Hoffman, 
193^), did not occur even when the membrane was extremely thin.
Carbohydrate depletion in the tissues of infected snails was the 
result of either reduced food intake by the host, alteration of the 
carbohydrate metabolism of the snail or, as concluded by Cheng (1962), 
direct utilization by the parasite. Reduced food intake was probably 
a contributing factor to carbohydrate reduction in S. palustris be­
cause the amount of food consumed by infected adult snails (20 mm 
long) was significantly lower than in uninfected snails of the same 
size. It is also possible that ingested nutrients were not properly 
absorbed in infected snails because of damage to the digestive gland 
but there was no obvious difference in fecal output. The decrease 
in carbohydrate in the visceral region was general in nature, and not 
related to the proximity of larvae to the affected cells. Reduced 
food intake and metabolic disturbance were, no doubt, factors that 
contributed to the depletion of the tissue carbohydrate of the host.
It is also logical to assume that unless the rediae lived entirely on 
ingested tissue the parasite must have been a drain on the food 
reserves (primarily glycogen) of the host.
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Observations on the nature of the easily extractable proteins 
(not tightly bound to cellular structures) in infected and uninfected 
snails suggest possible conclusions concerning the In vivo metabolism 
of the parasite and the age related immunity of the snail.
The number of haemolymph protein fractions in infected snails 
(10 to 12 mm long) was much lower than for their uninfected counter­
parts. Moreover, the decline in the number of fractions occurred dur­
ing the first 10 days of infection when the sporocysts were undergoing 
development. From these results and the observation that a decline 
in host carbohydrate accompanied the development of the parasite in 
the hepatopancreas, it is tempting to conclude that the nutrient source 
of the early larval stages is haemolymph proteins, as was suggested 
by Faust (1917); whereas daughter rediae and cercariae metabolize 
cellular carbohydrates. However, since mother rediae occupy positions 
similar to the sporocysts, in the anterior blood vessels, they would, 
following this reasoning, be left with a depleted supply of haemo­
lymph proteins during their developmental period (approximately 10 to 
35 days postinfection). It should be pointed out that although a 
particular band (protein fraction) did not develop on the electro­
phoresis membrane this did not necessarily mean the fraction was absent 
but perhaps that the concentration of the protein was too low to be 
detected. An equally acceptable explanation for the decline in the 
number of haemolymph proteins is that the parasite somehow inter- 
ferred with the production of these fractions by altering the metab­
olism of the host. No evidence for or against this conclusion was 
revealed in this study.
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Observations on individual protein fractions offered little 
additional information on the metabolic aspects of the parasite. The 
concentration of the two major fractions (probably remnants of respira­
tory proteins), that normally increase with age, was found to decrease 
in the presence of the parasite. There is no evidence that S. palus- 
tris possesses a functional respiratory pigment. Although Targett 
(1962) refers to the presence of hemocyanin in Lymnaea stagnalis, a 
species closely related to S. palustris, Read (1966) reported that a 
vascular respiratory pigment was lacking in the same species. Atomic 
absorption spectrophotometric analysis of S. palustris haemolymph, 
carried out in conjunction with a trace element study, showed no 
copper, indicating an absence of haemocyanin. The respiratory proteins 
referred to in this study appeared as a darkly staining broad band, 
which consistently developed on the anode side of the point of applica­
tion of haemolymph samples. It was assumed that these fractions 
represented the remains of a no longer functional respiratory pigment.
There was little variation between the number of protein fractions 
in the head-foot and hepatopancreas of either infected or uninfected 
snails which indicated that the basic protein composition of these 
tissues was unaltered by the parasites. However, the concentrations of 
the various fractions were probably reduced, especially in heavy 
infections.
The lack of minor haemolymph protein fractions in large snails 
and the disappearance of the same fractions in small infected snails 
suggests that these proteins may be important in the lower suscept- 
ability of larger snails to infection. If the minor proteins represent
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nutrients necessary for the early development of the parasite, then as 
the snail grows older, and the concentration of the minor fractions 
decreases, the environment provided by the host becomes less favor­
able for the parasite. A few tissue sections showed rediae grasping 
host ells with their pharynges. Observations on the gut contents of 
living and fixed and stained daughter rediae were difficult to make 
because the body cavity was usually crowded with cercariae. The guts 
of some daughter rediae were seen to contain a coarse granular material 
but individual host cells could not be identified in the gut contents. 
It is suspected that daughter rediae may actively feed on host cells 
although this could not be demonstrated with certainty. However, 
since grasping cells by rediae was only observed on three out of 
several hundred slides it is unlikely that the parasite obtains the 
majority of its nutrients in this manner. Moreover, if all of the 
rediae in the visceral region commonly fed in this way the mechanical 
destruction of the hepatopancreas would have been much more extensive 
than was observed.
Growth
The effects of _E. revolutum infection on the growth rate of j>. 
palustris was clearly related to the age of the snail at the time of 
infection and the size of the parasite population in the snail.
Infe ting snails when they were young (approximately 15 days old) 
permanently depressed their growth rates (Fig. 39). Similar redu^ tions 
in snail growth rates as a result of trematode infections have been 
reported by Rees (1931), Pesigan et al., (19581 and Zis hke and
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Zischke (1965).
My findings further show that increasing the parasite burden on 
the host causes greater depression in the growth rate. At 115 days 
postinfection when young snails exposed to one and 10 miracidia were 
approximately 21 and 20 mm long, respectively, the snails with multiple 
infections possessed over twice as many daughter rediae, approximately 
1,700 vs 700. Considering the great difference in the number of 
daughter rediae present it is surprising that the effect was not more 
pronounced.
Histopathological observations showed that the hepatopancreas did 
not undergo its normal branching development and the epithelium of the 
gland was converted into a syncytium as it underwent necrosis. Thus 
suppression of growth was probably the result of impairment of the 
digestive mechanism in the snail host.
Unlike snails that were infected early in life (in which develop­
ment of the reproductive system was inhibited) and showed permanent 
depression in the growth rate, snails infected after reaching sexual 
maturity showed accelerated growth beginning about 65 days postinfection 
following a period of slower than normal growth. The period of accel­
erated growth was not clearly related to any pathological condition 
seen in tissue sections.
Stimulation of growth in infected snails has been reported by 
several, authors (see pages 13-lM. Wesenberg-Lund (193*0 suggested 
that increased growth was the result of increased food intake. This 
does not appear to have been a factor in the increased growth rate in 
S. palustris infected with E. revolutum since uninfected adult snails
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(2C mm long) consumed significantly more food than infected snails of 
the same size. No evidence was found to support the suggestion of 
James (1965) that carotenoid pigments lysed from digestive gland cells 
were converted into growth promoting Vitamin A. No marked difference 
in pigmentation of the hepatopancreas in infected and uninfected £!. 
palustris was observed.
Gonadal destruction may also have caused the acceleration in 
growth, either by diverting nutrients, normally used for gamete pro­
duction, to general body growth as suggested by Rothschild (1936, 19^1a, 
19^1b) or by creating a hormonal imbalance as suggested by Wilbur and 
Owen (196U). In S. palustris maturation of the gonad, between approx­
imately 4 5 and 60 days of age, is accompanied by a reduction in growth 
rate (Fig. 39)* Degeneration of the ovotestis in adult S. palustris 
infected with E. revolutum began approximately 20 days postinfection 
and atrophy was generally completed by 80 days postinfection. There­
fore, the time of early degeneration of the ovotestis, as seen in 
tissue sections, did not correspond exactly with the beginning of the 
accelerated growth period. However, a delay in the growth response to 
the effects of gonadal destruction would be expected if either a 
nutritional or endocrine mechanism was involved. Growth would steadily 
increase as more of the gonadal tissue was destroyed. It seems likely 
that acceleration in growth in mature infected snails was primarily the 
result of a delayed response to gonadal destruction.
The type of histopathology observed in the hepatopancreatic 
epithelium of most snails infected after reaching sexual maturity was 
vacuolar degeneration which is generally considered to be a reversible
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process. Thus the digestive mechanism was not permanently impaired 
in the older infected snails as it was in young infected snails. The 
combined effects of the stimulus from gonadal destruction (not found 
in young infected snails) and the retention of digestive function 
(lost in young infected snails) probably accounted for the acceleration 
in growth rate in older infected snails.
Shell Formation
Previous studies have shown that the rate of calcification in 
gastropods varies in the same way as the over-all growth curve (Zischke 
et al., 197l)- Furthermore, the rate of calcium deposition is highest 
at the edge of the aperture and decreases with increasing distance 
toward the spire.
My findings showed that changes in the rates of shell formation 
in S. palustris imposed by infection with E. revolutum were measurable 
after as little as t hours exposure to solutions containing Ca^5. The 
permanent depression in the growth rate of snails infected when k mm 
long was reflected in their low shell formation rates. However, when 
the rates of shell formation in infected adult snails were measured at 
70 days postinfection, when the snails were undergoing an accelerated 
growth period, the expected increase in deposition rate was not found. 
Either the change in growth rate was too small to be reflected in the 
rate of shell formation or the effect of the infection on the shell 
formation mechanism was different than its affect on over-all growth.
Trematode induced changes in the rate of calcification are most 
likely the result of modifications in the calcium metabolism of the
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host. The most common site of calcium storage is in the hepatopancreas
(Wilbur, 1964). This organ in S. palustris was severely damaged under
the influence of E. revolutum rediae as histopathological studies 
showed and calcium storage cells (lime cells) were either destroyed 
or depleted of their calcium spherites. Undoubtedly, the destruction 
of calcium reserviors affected the rate of shell formation.
Changes in the concentrations of various proteins and especially 
free amino acids in the haemolymph may also affect the rate of calci­
fication. These compounds provide the raw materials for the formation 
of nucleation sites on the organic shell matrix upon which inorganic 
crystal growth is initiated (Wilbur, 196k). A reduction was observed 
in the number of haemolymph protein fractions both with increasing 
snail size and degree of infection and Targett (1962) noted a decrease 
in the number of free amino acids in the blood of infected planorbid 
snails. It is reasonable to conclude that depletion of the proteinaceous 
matrix constitutents caused by the parasite contributed to the reduc­
tion in the rate of shell formation.
Before the effects of the parasite on calcification can be
determined completely, more information is needed on the uptake,
distribution and excretion of calcium by infected snails.
Metabolic Rate
The respiratory rate of S. palustris was found to be affected 
by the degree to which the snail was infected with E. revolutum larvae. 
Duerr (1967) observed lower rates of oxygen consumption among naturally 
infected Lymnaea stagnalis, containing a variety of larval forms, than
in uninfected laboratory reared snails. He noted that respiratory 
rates varied depending upon the species of trematode larvae present 
in the snail but he did not determine the amount of parasite tissue 
compared to the amount of host tissue in any of his snails. My 
findings show not only that infected snails respire at a lower rate 
than uninfected snails but that the decrease in oxygen consumption is 
more pronounced in those snails with larger populations of larvae. It 
appears that more metabolically active tissue is present in a parasite 
free snail than in a snail composed of active and necrotic snail 
tissue plus trematode larvae, even though the synthetic rate of the 
parasite must be exceedingly high to account for the large numbers of 
larvae produced.
The rate of oxygen consumption began to decline approximately 6 
days postinfection. Thus the parasite had an effect on the hosts 
metabolic rate even before severe tissue destruction occurred. Howeve 
by comparing the histological changes in the visceral region at the 
time oxygen consumption was measured (at U5 days postinfection) it is 
obvious that a marked drop in oxygen uptake coincided with serious 
tissue degeneration, especially in the hepatopancreas.
Fecundity
The effects of the infection on fecundity were clearly related 
to the age of the snail at the time of infection and the number of 
sporocysts developing in the snail.
Snails that were infected when 4 mm long failed to reach sexual 
maturity even though slightly over 50$ of the snails infected at this
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stage attained a length of 20 to 25 mm. Histological sections indica­
ted that the gonad did not develop in young infected snails.
In juvenile snails infected when 9 nun long, sexual maturity was 
delayed and egg production was of short duration (Fig. ^5)- Retarded 
development was also reflected in a lower growth rate during the early 
stages of the infection. Tissue sections of the visceral region of 
S. palustris showed that the ovotestis was partially differentiated 
with large numbers of spermatozoa present in snails 9 nun long. Egg 
deposition in the controls began about 10 days earlier than in infec­
ted snails and the maximum number of eggs produced per snail per day 
by infected snails was only about one third that of the controls. The 
effect of the infection was, therefore to delay the final differen­
tiation of the ovotestis and to inhibit ova formation. In snails 
infected when It mm long (just prior to reaching sexual maturity) and 
snails infected when 19 mm long (sexually mature) decline in egg 
laying began between 20 and 35 days postinfection. Therefore, the 
period of initial decline in egg production preceded, by from 10 to 
25 days, the period during which the daughter rediae were first 
observed in the region of the ovotestis. The early effect of the 
infection on egg production was probably the result of a reduced supply 
of nutrients to the gonad caused by competition with the parasite.
In snails exposed to 10 miracidia, egg production declined earlier 
and ended sooner than in snails exposed to 1 miracidium. In addition, 
immature snails infected by exposure to 10 miracidia became sexually 
mature later and had a lower maximum egg production than snails infected 
with one miracidium. The effect of multiple infection (a larger pop-
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ulation of parasites) was to further delay gonad development in young 
snails and to hasten the degeneration of the ovotestis in snails of 
all sizes.
The variety of reported effects of the human schistosome larvae 
on the fecundity of their snail hosts (from slight inhibition of egg 
laying to parasitic castration) is probably the result of variations 
in the ages of the snails at the time of infection. Pan (1965) found 
that in sexually immature Biomphilaria glabrata(=Australorbis glabratus) 
infected with Schistosoma mansoni both development of gonad and produc­
tion of sex cells was inhibited. However, Sturrock (1966) has reported 
that if Biomphilaria pfeifferi is infected with S. mansoni before 
reaching sexual maturity egg production continues at a low level through­
out life and complete sterility results only if the snails are infected 
when sexually mature. My results agree with Pan (1965) but are essen­
tially opposite to those of Sturrock and it is difficult to explain 
this contradiction. Young B. pfeifferi may be more compatible with 
the larvae of S. mansoni than S. palustris is with the larvae of E. 
revolutum. The phenomenon of self-cure followed by resumption of egg 
laying has been reported in snails infected with the sporocysts of 
human schistosomes (Barbosa and Dobbin, 195^> Barbosa and Coelho,
1955; Barbosa, 1962). I have never observed self-cure in snails 
infected with E. revolutum nor has self-cure from a rediae producing 
trematode species been reported in the literature. It may be a 
characteristic of redial infections that they persist throughout the 
life of the host causing permanent inhibition of the reproductive 
mechanism.
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Factors Affecting Pathology
Of those factors that affect the pathology of trematode larvae 
in molluscs, i.e., type of larvae, size of larvae and population, 
mobility of larvae, site of infection, host age and size, and host 
resistance, larval population size and host age are more important 
than the others in S. palustris infected with E. revolutum.
Although this study does not provide a comparison between the 
pathology produced by daughter sporocysts versus daughter rediae, the 
daughter rediae of E. revolutum caused far greater tissue destruction 
in S. palustris than the sporocysts or mother rediae. The differences 
in pathology were primarily because of the differences in the sizes 
and numbers of each stage and the location of each stage in the host.
Mother rediae of E. revolutum are up to 1.4 mm long whereas the 
daughter rediae may reach a length of 2.6 mm. The size differences 
between the two stages contributed, in part, to the difference in 
pathogenicity.
Larval population size (parasite burden) was a primary factor in 
determining the degree of pathology caused either by different larval 
stages (mother rediae vs. daughter rediae) in the same snail or by 
daughter rediae in different snails. The maximum number of mother 
rediae of E. revolutum developing in S. palustris is about 20 while 
daughter redia populations may exceed 2,000 and the populations of 
both stages will adjust to the size of the host (Zischke, 1967). 
Limiting redial population size to the capacity of the host to support 
that population is an important factor preventing excessive tissue 
destruction by the parasite.
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The greater mobility of the daughter rediae when compared to 
mother rediae contributed to the greater pathological damage caused 
by daughter rediae.
Hie differences in the sites of development of the mother rediae 
(in the anterior blood vessels) and the daughter rediae (in the visceral 
sinus) were also important in the pathological changes induced by the 
two larval stages. The more compact tissues of the head-foot region, 
in which sporocysts and mother rediae developed, was not subject to 
the degree of mechanical damage imposed on the more loosely constructed 
tissues of the visceral sinus and hepatopancreas. Nor would the 
nutrient drain and histopathological effects of larval by-products 
(excretions or secretions) from the relatively few larvae in the
anterior tissue be as severe as the same factors produced by the
large numbers of larvae in the visceral region. This was probably of 
particular importance in the degeneration of the hepatopancreatic 
epithelium and the ovotestis. E. revolutum is essentially a parasite 
of the circulatory system of S. palustris, not a tissue invader 
(i.e., Schistosoma mansoni, Cotylurus flabelliformis), and, to a large 
extent, this fact explains the type of pathology produced in the host.
In addition to size of the parasite population, the age of the
host proved to be the most important factor affecting the pathological 
changes induced in the snail. The stage of development of the host 
tissues at the time of infection clearly influenced the pathological 
damage incurred by those tissues and, in turn, the physiological 
functions controlled by the tissues, e.g., fecundity and growth. My 
observations on age related histopathological changes explain the
7'+
findings of Zischke (1966) that snails infected when under 10 mm long 
have a higher mortality rate during the first 60 days postinfection 
than snails infected when over 20 mm long.
Host resistance appears to play a minor role in determining the 
extent of the pathology. On only one occasion was an immune response 
(in the form of a tissue reaction) observed in an infected snail 
(encapsulation of a mother redia).
S. palustris and E. revolutum have developed a well adjusted 
host-parasite relationship. During the early stages of development 
of the parasite (sporocysts and mother rediae) in the anterior region 
of the snail no histopathological changes or host tissue reaction were 
observed. The degenerative tissue changes that occurred when the 
larvae invaded the posterior region of the snail were relatively slow 
to appear and in adult snails persisted for an extended period of 
time. Under natural conditions most snails probably do not possess 
mature infections (approximately 4 5 days old) before they are 
sexually mature (see appendix).
Thus in a natural population of S. palustris there appear to be 
four major factors that contribute to the compatability between the 
snail and the larvae of E. revolutum. These factors are: (l) the
lack of an immune response on the part of the snail, (2) the lack of 
tissue damage in the anterior region and the slow rate of pathological 
change in the posterior region of the snail, (3) infection of snails 
normally occurs when they are adults with fully differentiated tissues 
that are more resistant to pathological changes induced by the parasite, 
and (4) adjustment of larval population size to the size of the snail.
SUMMARY
(1). The changes in the structure and histology of the visceral 
region (primary site of infection) in the snail Stagnicola palustris 
induced by the larvae of the trematode Echinostoma revolutum were 
examined and compared with changes in the host's: (l) rate of growth
and shell formation, (2) metabolic rate, and (3) fecundity. The results 
were related to: (l) the age of the snail at the time of infection,
and (2) the parasite burden (number of larvae present)in the snail.
(2). In snails infected prior to reaching sexual maturity (^65 
days of age or 15 mm long) normal branching development of the hepato- 
pancreas was partially inhibited and the epithelium of the gland was 
reduced to a syncytium with necrosis. In snails infected when sexually 
mature the ducts and follicles of the hepatopancreas were crowded to 
the periphery and the epithelium commonly underwent vacuolar degener­
ation, a condition which persisted even in old infected snails.
(3)* The progressive development of the infection was accompanied 
by atrophy of the ovotestis and degeneration of the gonad was generally 
completed by approximately 80 days postinfection.
( b ). In infected snails the loose vascular connective tissue of 
the visceral sinus was subjected to mechanical destruction with 
cellular degeneration and metaplasia. The tunica propria became 
progressively thinner as the age of the infection increased.
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(5)« A reduction in cellular carbohydrate was observed in the 
visceral region of infected snails and the number of haemolymph proteins 
declined during the first 10 days of infection in snails (10 to lU mm 
long). The nutrient sources of the parasite were probably host blood 
proteins and tissue carbohydrate and perhaps ingested cells of the host.
(6). Snails infected with one miracidium when U mm long had a 
lower growth rate than uninfected snails and snails exposed to 10 
miracidia when h mm long grew at a slower rate than either uninfected 
snails or snails with single infections. Snails infected when 15 mm 
long initially had a lower growth rate than uninfected snails but 
showed an accelerated rate beginning approximately 65 days postinfection.
(7). The shell formation rate in snails infected when 1^ mm long 
was lower at 70 days postinfection (during the accelerated growth 
period) than in uninfected snails of similar size. Snails infected 
when 4 mm long deposited calcium at a lower rate than snails of similar 
size that were either uninfected or infected when lU mm long.
(8). Hie rate of oxygen consumption was lower in snails with 
single infections than in uninfected snails and still lower in snails 
exposed to 5 miracidia. A significant decrease in oxygen consumption 
was observed during the first 22 days postinfection.
(9). In snails infected when b mm long the parasite prevented 
normal development of the gonad, whereas, snails infected when 9 , lU 
and 19 nim long produced eggs at a reduced rate until stopped by 
degeneration of the gonad. The reduction in egg production was gen­
erally greater and began earlier in snails exposed to 10 miracidia 
than in those infected with one miracidium.
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(10). It was concluded that the effects of E. revolutum larvae on 
the structure and histology of the visceral region of S. palustris and 
the functional aspects of the host that were examined were most closely 
related to the age of the snail at the time of infection and the parasite 
burden.
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TABLE I
>nsumption (g/24 hr) "by infected (40 days after exposure 
.dia) and uninfected snails of 2 different sizes.
Mean food consumption -- g/24 hr 
Infected Uninfected
19 mm long 20 mm long 15 nun long 20 mm long
0.076 0.038
0.061 0.042
0.058 0.057
0.081 0.069
0.060 0.041
0.074 0.077
0.059 0.050
0.088 0.062
0.057 0.046
0.066 0.037
0.051 0.049
0.070 0.033
0.044 0.051
0.055 0.040
0.061 0.039
0.072 0.061
O.O93 0.054
0.077 0.074
0.055 0.090
0.086 0.060
0.075 0.059
0.049 0.083
0.088 0.045
0.092 0.089
O.O65 0.035
0.075 0.064
O.O83 0.100
0.047 0.072
O.O73 0.059
O.O56 0.079
TABLE II
Susceptability of snails of different sizes to infection when exposed to either 1 or 10 miracidia.
Snail length 
in mm
Exposed to 1 miracidium 
No. exposed No. infected $>- infected
Exposed to 10 miracidia 
No. exposed No. infected $ infected
2 - 4 450 130 28 350 220 62
8 - 1 0 550 209 38 325 234 72
14 - 16 425 144 3^ 275 184 66
20-22 350 87 24 250 137 5b
26 - 28 200 38 19 200 98 49
co
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Figure 1. Section of the visceral region of S. palustris; a, acinus
of ovotestis; b, follicle of hepatopancreas with basophilic 
material derived from cell breakdown; c, loose vascular 
connective tissue of visceral sinus; d, visceral artery; 
e, tunica propria, x 125
Figure 2. Section of the hepatopancreas of S. palustris; a, epithelium 
of follicle; b, connective tissue sheath of follicle, x 125
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Figure 3.
Figure
Section of the epithelium of a hepatopancreatic follicle of 
S. palustris with digestive cells in first morphological 
state; a, digestive cell; b, vacuole of digestive cell; 
c, nucleus of digestive cell; d, border on free-edge of 
digestive cell; e, lime cell, x 630
Section of the epithelium of a hepatopancreatic follicle of 
S. palustris showing a digestive cell discharging the contents 
of its vacuole; a, discharging vacuole; b, acidophilic 
granules in digestive cell; c, nucleus of digestive cell; 
d, lumen of follicle, x 500
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Figure 6.
Section of the epithelium of a hepatopancreatic follicle of 
S. palustris with digestive cells in the second morphological 
state; a, acidophilic granules; b, vacuole of digestive 
cell; c, nucleus of digestive cell; d, lumen of follicle, 
x 500
Section of the epithelium of a hepatopancreatic follicle of 
S. palustris showing a digestive cell undergoing breakdown; 
a, breaking down digestive cell; b, intact digestive cell; 
c, vacuole of digestive cell; d, nucleus of digestive cell.
x 800
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Figure J.
Figure 8.
Section of the epithelium of a hepatopancreatic follicle of 
S. palustris with digestive cells in the third morphological 
state; a, space in epithelium; b, nucleus of epithelial cell; 
c, acidophilic granules; d, acidophilic material in lumen 
of follicle, x 630
Section of the epithelium of a hepatopancreatic follicle of 
S. palustris with digestive cells in the fourth morphological 
state; a, vacuole of digestive cell; b, nucleus of digestive 
cell; c, acidophilic granules in cytoplasm of digestive cell; 
d, acidophilic material in lumen of follicle. x 800
mFigure 7
Figure
96
Figure 9* Section of a hepatopancreatic follicle of S. palustris
showing epithelium in transitional stage between the third 
and fourth morphological states; a, epithelial surface of 
compact acidophilic material; b, nucleus of digestive cell; 
c, space in epithelium; d, connective tissue sheath of 
follicle; e, cloud of acidophilic material in lumen of 
follicle, x 800
Figure 10. Section of epithelium of a hepatopancreatic follicle of
S. palustris with a digestive cell in the fifth morphological 
state; a, vacuole of digestive cell containing amber-colored 
sphere; b, digestive cell in first morphological state; 
c, lime cells; d, lumen of follicle, x 500
Figure 9
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Figure 11.
Figure 12.
Section of the epithelium of a hepatopancreatic follicle of 
S. palustris showing lime cells with terminal ends dislodged; 
a, calcium spherites in lime cell; b, separated terminal 
ends of lime cells, x 630
Section of the ovotestis of S. palustris; a, spermatogonia; 
b, spermatocytes; c, spermatids; d, Sertoli cells; e, ovum; 
f, nurse cell nucleus; g, connective tissue wall of acinus; 
h, hepatopancreatic follicle; i, loose vascular connective 
tissue; j, tunica propria, x 125
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Figure 13. Section of the head-foot of S. palustris showing mother
redia in a venous lacuna. Note lack of tissue response to 
the presence of the larva; a, mother redia; b, dense 
connective tissue, x 125
Figure lU. Section of hepatopancreatic follicles from a snail 20 mm
long infected for 40 days showing cells in the early stage 
of syncytial degeneration; a, epithelium of hepatopancreatic 
follicle; b, follicle lumen; c, visceral sinus, x 125
Figure 13
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Figure 15-
Figure l6.
Section of the epithelium of a hepatopancreatic follicle 
from a snail 20 mm long infected for ^0 days showing cells 
in the early stage of syncytial degeneration; a, boundaries 
of digestive cells; b, vacuole of digestive cell; c, "ex­
cretion body"; d, lime cell nuclei; e, mucous cell nucleus; 
f, lumen of follicle, x 500
Section of the epithelium of a hepatopancreatic follicle 
from a snail 20 mm long infected for ^0 days showing cells 
in the early stage of syncytial degeneration. Note lack 
of boundaries between cells; a, vacuole of digestive cell; 
b, nucleus of digestive cell; c, nucleus of lime cell; 
d, lumen of follicle, x 500
Figure 16
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Figure 17-
Figure 18.
Sections of hepatopancreatic follicles from a snail 20 mm 
long infected for 50 days showing cells in the late stage 
of syncytial degeneration. Note areas with reduced epithe­
lium, (a) areas lacking epithelium, (b) and thin tunica 
propria; a, epithelium of follicle; b, connective tissue 
sheath of follicle; c, tunica propria; d, daughter rediae 
of E. revolutum; e, visceral sinus, x 125
Section of the wall of a hepatopancreatic follicle from a 
snail 20 mm long infected for 50 days showing epithelium 
in the late stage of syncytial degeneration; a, vacuole; 
b, acidophilic granules; c, digestive cell nucleus; d, lime 
cell nucleus; e, fibroblast nucleus; f, lumen of follicle, 
x 500
* 4
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Figure 19. Sections of hepatopancreatic follicles from a snail 29-5 mm 
long infected for 60 days showing cells in vacuolar degen­
eration. Note extreme vacuolation of epithelial cells, 
reduced loose vascular connective tissue and thin tunica 
propria; a, epithelium of hepatopancreatic follicle; 
b, visceral sinus; c, tunica propria; d, area of complete 
breakdown of follicle epithelium, x 125
Figure 20. Section of the epithelium of a hepatopancreatic follicle 
from a snail 29*5 mm long infected for 60 days showing 
cells with vacuolar degeneration; a, vacuole in digestive 
cell; b, digestive cell nucleus; c, acidophilic granules; 
d, fibroblast nucleus; e, follicle lumen, x 500
Figure 19
Figure 20
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Figure 21.
Figure 22.
Section of the epithelium of a hepatopancreatic follicle 
from a snail 29*5 mm long infected for 60 days showing 
cells with vacuolar degeneration; a, vacuole in digestive 
cell; b, digestive cell nucleus; c, cytoplasm of lime 
cell; d, lime cell nucleus; e, follicle lumen; f, visceral 
sinus; g, tunica propria, x 500
Section of the ovotestis of a snail 20 mm long infected for 
50 days. Note the abnormally shaped ova, reduced number of 
developing male gametes, and hyperplasia of connective 
tissue wall; a, ovum; b, spermatids; c, Sertoli cell; 
d, connective tissue wall of ovotestis; e, daughter redia 
of E. revolutum. x 125
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Figure 23.
Figure 2b.
Section of the ovotestis of a snail 27 mm long infected for 
65 days. Note the complete lack of normally developing 
gametes in the acini and the hyperplasia of the connective 
tissue wall; a, acinus; b, connective tissue wall of 
ovotestis; c, daughter redia of E. revolutum. x 125
Section of the loose vascular connective tissue of the 
visceral sinus and the tunica propria of a snail 29*5 mm 
long infected for 60 days; a, fibroblast; b, amoebocyte; 
c, vesicular cells; d, epithelium of tunica propria; 
e, fibrous and muscular layer of tunica propria, x 500
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Figure 25
Figure 26
Section of the visceral region of j5. palustris (5 mm long) 
showing a mother redia undergoing encapsulation; a, mother 
redia; b, layers of fibroblasts and amoebocytes; c, hepato- 
pancreatic duct; d, visceral sinus, x 125
Section of the visceral region of j>. palustris showing a 
daughter redia of E. revolutum grasping cells from the 
hepatopancreatic epithelium; a, daughter redia; b, epithe­
lium of hepatopancreatic follicle; c, epithelial cells 
being grasped by redia; d, lumen of follicle, x 200
Figure 25
Figure 26
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Figure
27. Digestive cell (from the hepatopancreas of S. palustris)
in the first morphological state; a, acidophilic granules; 
b, vacuole; c, yellow-brown particles; d, nucleus; 
e, fibroblast. (Schematic diagram)
2b. Digestive cell (from the hepatopancreas of S. palustris) in 
the third morphological state with the free edge broken and 
the distal contents of the cell being dispersed into the 
lumen of the follicle. (Schematic diagram)
29* Digestive cell (from the hepatopancreas of S. palustris) in 
the second morphological state containing numerous acido­
philic granules and a small vacuole. (Schematic diagram'
30. Digestive, lime and mucous cells from the hepatopancreas of 
S. palustris; a, lime cell; b, digestive cell in the fifth 
morphological state with vacuole containing spherical amber- 
colored bodies; c, digestive cell in first morphological 
state; d, mucous cell; e, fibroblast. (Schematic diagram)
■1. Digestive and lime cells from the hepatopancreas of S. 
palustris; a, lime cell nucleus; b, calcium spherites; 
c, digestive cell; d, fibroblast. (Schematic diagram)
0.01 mm
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Figure 32. Section of the visceral region of S. palustris; a, tunica 
propria; b, loose vascular connective tissue of visceral 
sinus; c, epithelium of hepatopancreatic follicle; 
d, epithelial cell (tunica propria); e, smooth muscle fiber; 
f, fibroblast; g, pigment cell; h, vesicular cell; 
i, amoebocyte; j, digestive cell; k, lime cell; 1, mucous 
cell. (Schematic diagram)
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Figure 33.
Figure 34.
Section of the wall of a hepatopancreatic follicle from a 
snail 20 mm long infected for 50 days showing epithelium 
in late stage of syncytial degeneration; a, vacuole; b, 
acidophilic granules; c, digestive cell nucleus; d, lime 
cell nucleus; e, fibroblast nucleus. (Schematic diagram''
Section of the epithelium of a hepatopancreatic follicle 
from a snail 29.5 mm long infected for 60 days showing 
cells with vacuolar degeneration; a, vacuole of digestive 
cell; b, digestive cell nucleus; c, acidophilic granules; 
d, fibroblast nucleus. (Schematic diagram)
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F i p u r e  J,'5. D i a g r a m s  o f  t y p i c a l  e  l e c  t r o p h o r e s i s  m e m b r a n e s  s h o w i n p  
h a e m o l y m p h  p r o t e i n  f r a c t i o n s  f r o m  s n a i l s  o f  d i f f e r e n t  
s i z e s .  M i g r a t i o n  d i s t a n c e s  s h o w n  b e i o w  b a n n s  a r e  i n  m m  
f r o m  p o i n t  o f  a p p l i c a t i o n .  F r a c t i o n  i n  h i p h e s t  c o n ­
c e n t r a t i o n  ( p r o b a b l y  r e s p i r a t o r y  p r o t e i n )  i s  m a r k e d  w i t h  
c r o s s  b a r s .
Si ze -mm —
10 -  12 
Uninfected 0
- i  i
00 0 1  00
4 7 11 IS 20  SO 32
10 “  12 
Infected
IS 20
16 -  18 
Uninfected oo ©
4 7 IS 20
16 - 1 8  
Infected
IS 20
2 2 - 2 4
Uninfected
IS 20
2 2 - 2 4
Infected
IS 20
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F i g u r e  j 6 .  D i a g r a m s  o f  t y p i c a l  e l e c t r o p h o r e s i s  m e m b r a n e s  s h o w i n g
h e p a t o p a n c r e a s  p r o t e i n  f r a c t i o n s  f r o m  s i i a i l s  o f  d i f f e r e n t  
s i z e s .  M i g r a t i o n  d i s t a n c e s  s h o w n  b e l o w  b a n d s  a r e  i n  m m  
f r o m  p o i n t  o f  a p p l i c a t i o n .  F r a c t i o n  i n  h i g h e s t  c o n c e n ­
t r a t i o n  ( p r o b a b l y  h a e i r i o l y m p h  r e s p i r a t o r y  p r o t e i n )  i s  
m a r k e d  w i t h  c r o s s  b a r s .
S i ze -m m — 4—  Point of application ♦
10 -  12 
Uninfected 0 @ 0
13 20 37
10 -  12 
Infected 0 § 0
13 20 37
16 -  18 
Uninfected d
- i i
0 10 0
13 20 23 37
16 - 1 8  
In fec ted 0 1 0
13 20 37
2 2 - 2 4
Uninfected 0
- i i
ooioo o
13 17 20 23 2 *  37
2 2 - 2 4
Infected
0 0 1 0 0  0
13 17 20 23 26 37
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F i g u r e  J'(. D i a g r a m s  o f  t y p i c a l  e l e c t r o p h o r e s i s  m e m b r a n e s  s h o w i n g  
h e a d - f o o l ,  p r o t e i n  f r a c t i o n s  f r o m  s n a i l s  o f  d i f f e r e n t  
s i z e s .  M i g r a t i o n  d i s t a n c e s  s h o w n  b e l o w  b a n d s  a r e  i n  m m  
f r o m  p o i n t  o f  a p p l i c a t i o n .  F r a c t i o n  i n  h i g h e s t  c o n c e n ­
t r a t i o n  ( p r o b a b l y  h a e m o l y m p h  r e s p i r a t o r y  p r o t e i n )  i s  
m a r k e d  w i t h  c r o s s  b a r s .
S — 4—  Point of application +
10 -  12 
Uninfected 0 i
7 11
10 -  12 
Infected
I t
16 "  18 
Uninfected 00 1
7 10 11
16 - 1 8  
In fec ted 0 0
10 I t
2 2 - 2 4
Uninfected 00 1 0
7 10 I t  24
2 2 - 2 4
Infected 0 1 0
10 I t  24
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F i g u r e  i  .  D i a g r a m s  o f  t y p i c a l  e l e c t r o p h o r e s i s  m e m b r a n e s  s h o w i n g
h a e m o l y m p h  p r o t e i n  f r a c t i o n s  f r o m  s n a i l s  1 0  t o  1 1  m m  I o n / 1: 
a t  - t o  1 0  d a y s  p o s t i n f e c t i o n .  M i g r a t i o n  d i s t a n c e s  s h o w n  
b e l o w  b a n d s  a r e  i n  m m  f r o m  p o i n t  o f  a p p l i c a t i o n .  F r a c t i o n  
i n  h i g h e s t  c o n c e n t r a t i o n  ( p r o b a b l y  r e s p i r a t o r y  p r o t e i n )  i s  
m a r k e d  w i t h  c r o s s  b a r s .
Days po«tinf«cti*fl - 4 ■ Point of app lica tion  +
0 0
-n
00 0 § 00
4 7 11 I t  20  30  32
2 0
-11
00 0 ©
4 7 11 I t  20
4 00 0 ©
4 7 11 I t  20
6 00 0 ®
4 7 11 I t  20
8
11 I t  20
10 ©
I t  20
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F i g u r e  1 9 *  A b s o l u t e  g r o w t h  r a t e s  o l ' :  A .  U n i n f e c t e d  s n a i l s ,
B .  S n a i l s  i n f e c t e d  w i t h  1  m i r a c i d i u m  w h e n  • m m  l o n g ,
C .  S n a i l s  i n f e c t e d  b y  e x p o s u r e  t o  1 0  m i r a c l d i a  w h e n  
i  m m  l o n g .  E a c h  p o i n t  r e p r e s e t i t s  t h e  a v e r a g e  l e n g t h  
a n d  e a c h  v e r t i c a l  l i n e  t h e  r a n g e  o f  l e n g t h s  o f  J, '  
s n a i l s .
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F i g u r e  V ) .  A b s o l u t e  g r o w t h  r a t e s  o f :  A .  U n i n f e c t e d  s n a i l s ,
B .  S n a i l s  i n f e c t e d  b y  e x p o s u r e  t o  1 0  m i r a c i d i a  w h e n  
1 ' 5  m m  l o n g ,  C .  S n a i l s  i n f e c t e d  b y  e x p o s u r e  t o  1 0  
m i r a c i d i a  w h e n  d  m m  l o n g .  E a c h  p o i n t  r e p r e s e n t s  t h e  
a v e r a g e  l e n g t h  a n d  e a c h  v e r t i c a l  l i n e  t h e  r a n g e  o f  l e n g t h s  
o f  j 0  s n a i l s .
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F i g u r e  7 1 .  C a l c i u m  d e p o s i t i o n  r a t e s  i n  s n a i l s  2 0  t u  2 5  m m  l o n g :
A .  U n i n f e c t e d ,  B .  I n f e c t e d  b y  e x p o s u r e  t o  1 0  m i r a c i d i a  
w h e n  I n  m m  l o n g  w i t h  d e p o s i t i o n  r a t e  m e a s u r e d  70 d a y s  
a f t e r  i n f e c t i o n ,  C .  I n f e c t e d  b y  e x p o s u r e  t o  1 0  m i r a c i d i a  
w h e n  ■ (  m m  I o n / - .  V e r t i c a l  l i n e  r e p r e s e n t s  r a n g e ,  h o r i z o n ­
t a l  L i n e  m e a n  a n d  v e r t i c a l  b a r  s t a n d a r d  d e v i a t i o n  o f  t h e  
a m o u n t s  o f  c a l c i u m  d e p o s i t e d  b y  15 s n a i l s  a t  e a c h  t i m e  
i n t e r v a l .  I n s e t  s h o w s  a r e a  (s) w h e r e  m e a s u r e m e n t s  w e r e  
m a d e .
8Hours in
B
— I------------------- 1------------------- 1___________ L .
12 16 20 24
Ca45 solution
F i g u r e  h 2 .  L o g - l o g  p l o t  o f  o x y g e n  c o n s u m p t i o n  i n  s n a i l s  o l '  d i f f e r e  
s i z e s ;  A .  U n i n f e c t e d ,  B .  W i t h  1 5  d a y  o l d  i n f e c t i o  , s  
f r o m  1  m i r a c i d i u m ,  C .  W i t h  V j  d a y  o l d  i n f e c t i o n s  f r o m  
e x p o s u r e  t o  5  m i r a c i d i a .
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F i g u r e  ^ 3 *  O x y g e n  c o n s u m p t i o n  d u r i n g  t h e  f i r s t  2 2  d a y s  p o s t . i n f e c t i o n  
i n  s n a i l s  e x p o s e d  t o  2 0  m i r a c i d i a  w h e n  o  t o  1 0  m m  l o n g .
E a c h  p o i n t  r e p r e s e n t s  t h e  m e a n  o x y g e n  c o n s u m e d  b y  5  s n a i l s .
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F i g u r e  M l E g g  p r o d u c t i o n  b y  S .  p a l u s t r i s .  E a c h  p o i n t  r e p r e s e n t s  t h e  
m e a n  n u m b e r  o f  e g g s  p r o d u c e d  p e r  s n a i l  p e r  d a y  b y  1 ') 
i n d i v i d u a l s  d u r i n g  t h e  p r e v i o u s  d a y  p e r i o d .
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F i g u r e  h 1}.  E p p  p r o d u c t i o n  b y  u n i n f e c t e d  s n a i l s  ( c o n t r o l s )  a n d  s n a i l s  
i n f e c t e d  b y  e x p o s u r e  t o  1  o r  1 0  m i r a c i d i a  w h e n  9  m m  l o n p .  
E a c h  p o i n t  r e p r e s e n t s  t h e  m e a n  n u m b e r  o f  e p p s  p r o d u c e d  
p e r  s n a i l  p e r  d a y  b y  . I d  i n d i v i d u a l s  d u r i n p  t h e  p r e v i o u s  
d a y  p e r i o d .
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F i g u r e  h 6 .  E g g  p r o d u c t i o n  b y  u n i n f e c t e d  s n a i l s  ( c o n t r o l s )  a n d  s n a i l s  
i n f e c t e d  b y  e x p o s u r e  t o  1  o r  1 0  m i r a c i d i a  w h e n  1  ■ ;  i n m  l o n g .  
E a c h  p o i n t  r e p r e s e n t s  t h e  m e a n  n u m b e r  o f  e g g s  p r o d u c e d  p e r  
s n a i l  p e r  d a y  b y  15 i n d i v i d u a l s  d u r i n g  t h e  p r e v i o u s  5  d a y  
p e r i o d .
M
ea
n 
nu
m
be
r 
o! 
eg
gs
 
/s
n
a
il
/d
a
y C o n t r o l
10 M i r a c i d i a
1 M i r a c i d t u m
8 04 0 6 020 100
Days post in fec t ion
144
F i g u r e  t ' f .  E g g  p r o d u c t i o n  " b y  u n i n f e c t e d  s n a i l s  ( c o n t r o l s )  a n d  s n a i l s  
i n f e c t e d  b y  e x p o s u r e  t o  1  o r  1 0  m i r a c i d i a  w h e n  19 m m  l o n g .  
E a c h  p o i n t  r e p r e s e n t s  t h e  m e a n  n u m b e r  o f  e g g s  p r o d u c e d  p e r  
s n a i l  p e r  d a y  b y  1 ' 3  i n d i v i d u a l s  d u r i n g  t h e  p r e v i o u s  1  d a y  
p e r i o d .
M
ea
n 
nu
m
be
r 
of 
eg
gs
 
/s
na
il
 /
da
y C o n t r o l
10 M i c a c i d i a 1 M i r a c i d i u m
20 4 0  6 0
Days p o s t in fe c t io n
8 0
A P P E N D I X
F I E L D  O B S E R V A T I O N S  O N  A  N A T U R A L  P O P U L A T I O N  O F  S T A G N I C O L A  P A L U S T R I S
O b s e r v a t i  u s  w e r e  m a d e  o n  a  n a t u r a l  p o p u l a t i o n  o f  S t a g n i c o l a  
p a l u s t r i s  f r o m  m i d - J u n e  t o  m i d - O c t o b e r .  T h e  c o l o n y  s t u d i e d  w a s  i n  a  
p o n d  a p p r o x i m a t e l y  2 0  x  1 0  m  l o c a t e d  d  m i l e s  w e s t  o f  W a u b u n  i n  n o r t h ­
w e s t e r n  M i n n e s o t a .
A d u l t  s n a i l s ,  a v e r a g i n g  2 3 . 2  m m  i n  l e n g t h ,  e m e r g e d  f r o m  t h e  
b o t t o m  m u d  d u r i n g  t h e  s e c o n d  a n d  t h i r d  w e e k s  i n  J u n e  a n d  b e g u n  t o  
L a y  e g g s  s o o n  a f t e r w a r d s .  T h e  p o p u l a t i o n  r e a c h e d  a  j > e a k  d e n s i t y  o f  
2 2  s n a i l s  p e r  m e t e r  o n  J u l y  l o t h  a n d  t h e r e a f t e r  d e c l i n e d  r a p i d l y  t o  
2  s n a i l s  p e r  m e t e r  b y  J u l y  2 5 t h  a n d  o n l y  a  f e w  s n a i l s  f r o m  t h e  p r e ­
v i o u s  y e a r  w e r e  f o u n d  a f t e r  A u g u s t  1 s t . .
O f  t h e  s n a i l s  c o l l e c t e d  i n  e a r l y  J u l y  during t h e  p e r i o d  o f  p e a k  
p o p u l a t i o n  8 $  w e r e  s h e d d i n g  E c h i n o s t o m a  r e v o l u t u m  c e r c a r i a e  a n d  1 . 0 0 $  
h a r b o r e d  t h e  m e t a c e r c a r i a e  o f  t h i s  t r e m a t o d e .  B y  l a t e  J u l y ,  2 1 $  
o f  t h e  s n a i l s  e x a m i n e d  w e r e  s h e d d i n g  E .  r e v o l u t u m  c e r c a r i a e .  T h u s  
t h e  m o r t a l i t y  r a t e  a m o n g  s n a i l s  w i t h  p r i m a r y  E .  r e v o l u t u m  i n f e c t i o n s  
w a s  m o r e  t h a n  2'  t i m e s  l e s s  t h a n  f o r  t h e  r e s t  o f  t h e  p o p u l a t i o n .  A l l  
o f  t h e  s n a i l s  e x a m i n e d ,  w i t h  t h e  e x c e p t i o n  o f  t h o s e  s h e d d i n g  c e r c a r i a e ,  
h a r b o r e d  l a r g e  n u m b e r s  o f  t h e  t e t r a c o t y l e s  o f  C o t y l u r u s  f l a b e l l i f o r m i s  
w h i c h  m a y  h a v e  a c c o u n t e d  f o r  t h e  h i g h  m o r t a l i t y  r a t e  i n  t h o s e  s n a i l s .
I'i6
T h e  p e a k  p e r i o d  o f  h a t c h i n g  o f  t h e  n e w - c r o p  s n a i l s  w a s  b e t w e e n  
J u l y  5 t h  a n d  1 9 t h .  I t  t o o k  f r o m  1 1  t o  l k  d a y s  f o r  t h e  e g g s  t o  h a t c h  
a t  t h e  t e m p e r a t u r e  e x i s t i n g  i n  t h e  p o n d  d u r i n g  t h i s  p e r i o d ,  I T - 5  t o  
2 1 . 5 °  C .  T h e  n e w  s n a i l s  w e r e  f o u n d  t . o  b e  m o s t  c o m m o n l y  i n f e c t e d  w h e n  
t h e y  w e r e  8  t o  L O  m m  l o o p .  T h e  f i r s t  i n f e c t i o n s  o c c u r r e d  i n  l a t e  
J u l y  a n d  r e a c h e d  m a t u r i t y  w i t h  s h e d d i n g  o f  c e r c a r i a e  i n  m i d - S e p t e m b e r  
( t h e  e a r l i e s t  c o l l e c t e d  S e p t e m b e r  1 1 t h ) .  B y  l a t e  O c t o b e r  p r i o r  t . o  
f r e e z i n g  o v e r  o f  t h e  p o n d  7 $ >  o f  t h e  s n a i l s  e x a m i n e d  w e r e  s h e d d i n g  
E .  r e v o l u t u m  c e r c a r i a e .
S n a i l s  b e c a m e  i n f e c t e d  w i t h  E .  r e v o l u t u m  m e t a c e r c a r i a e  s o o n  a f t e r  
h a t c h i n g .  O n e  s p e c i m e n  2 . 5  m m  l o n g  h a d  2  m e t a c e r c a r i . a e  a n d  t h e  n u m b e r  
w a s  f o u n d  t o  i n c r e a s e  p r o g r e s s i v e l y  w i t h  s n a i l  s i z e .  e . g . .  ,  a n  a v e r a g e  
o f  1 2  p e r  s n a i l  i n  i n d i v i d u a l s  6  t o  7  m m  l o n g .
V e r t e b r a t e s  s e r v i n g  a s  h o s t s  f o r  t h e  a d u l t  w o r m s  i n  t h e  a r e a  
i n c l u d e  a  v a r i e t y  o f  w a t e r f o w l ,  m o s t  c o m m o n l y  m a l l a r d  a n d  t e a l  d u c k s ,  
a n d  a t  l e a s t  o n e  s p e c i e s  o f  m a m m a l ,  t h e  m u s k r a t .
T h e s e  o b s e r v a t i o n s  p o i n t  t o  s e v e r a l  i n t e r e s t i n g  f a c t o r s  c o n c e r n i n g  
t h e  n a t u r a l  l i f e  h i s t o r y  o f  E .  r e v o l u t u m .  G n a i l s  w h i c h  h a v e  o v e r ­
w i n t e r e d  e m e r g e  i n  m i d - J u n e  a l l  h a r b o r i n g  m e t a c e r c a r i a e .  I n  t h e  e a r l y  
s u m m e r  t h e s e  s n a i l s  p r o v i d e  l a r v a e  t o  i n f e c t  d e f i n i t i v e  h o s t s ,  p r i ­
m a r i l y  d u c k s .  M o r e o v e r ,  t h e r e  i s  a  h i g h  i n c i d e n c e  o f  p r i m a r y  i n f e c t i o n s  
a m o n g  t h e  o v e r w i n t e r e d  s n a i l s ,  a p p r o x i m a t e l y  8 $ .  S i n c e  7 $> o f  t h e  s n a i l s  
e x a m i n e d  i n  l a t e  f a l l  w e r e  s h e d d i n g  c e r c a r i a e  t h e  p r e s e n c e  o f  t h e  
p a r a s i t e s  d o e s  n o t ,  a f f e c t  t h e  a b i l i t y  o f  t h e  s n a i l s  t o  o v e r w i n t e r .
T h e  n u m b e r  o f  s n a i l s  s h e d d i n g  c e r c a r i a e  r e m a i n s  r e l a t i v e l y  h i g h  
( 2 1 % )  e v e n  a f t e r  t h e  p o p u l a t i o n  h a s  d e c l i n e d  n e a r l y  9 '■% f o l l o w i n g  t h e
p e r i o d  o f  p e a k  e g g  l a y i n g .  A  s o u r c e  o f  c e r c a r i a e  t o  i n f e c t  n e w l y  
h a t c h e d  s n a i l s  i s  t h u s  p r o v i d e d  > ' v e r  a  l o n g  p e r i o d .  I n f e c t i o n  a n d  
r e i n f e c t i o n  > f  d e f i n i t i v e  h o s t s  i s  t h e r e b y  g u a r a n t e e d .
I n  t h e  d e f i n i t i v e  h o s t s ,  t h e  a d u l t  w o r m s  m a t u r e  i n  a b o u t  P  w e e k s .  
E p p s  a r e  p a s s e d  i n t o  t h e  w a t e r  i n  i n c r e a s i n g  n u m b e r s  b e g i n n i n g  t h e  
f i r s t  p a r t  o f  J u l y  a n d  u n d e r g o  a n  i n c u b a t i o n  } > e r i o d  o f  a b o u t  w e e k s .  
T h u s  ‘ h e  d e n s i t y  o f  m i r a c i d i a  i n c r e a s e s  s t e a d i l y  b e g i n n i n g  i n  m i d -  
J u l y .  T h e r e  i s  l i k e l y  a  m i n i m u m  d e n s i t y  o f  m i r a c i d i a  w h i c h  m u s t  b e  
r e a c h e d  b e f o r e  t h e  y o u n g  s n a i l s  a r e  c o m m o n l y  i n f e c t e d .  I f  t h i s  
d e n s i t y  i s  n o t  a c h i e v e d  b e f o r e  t h e  e n d  o f  t h e  f i r s t  w e e k  i n  A u g u s t ,  
w h e n  m a n y  o f  t h e  n e w - c r o p  s n a i l s  a r e  t' t o  1 0  m m  l o n g ,  i t ,  w o u l d  a c c o u n t  
i n  p a r t  f o r  t h e  f a c t  t h a t  s n a i l s  m o s t  c o m m o n l y  b e c o m e  i n f e c t e d  i n  t h i s  
s i z e  r a n g e  i n  n a t u r e  b u t  m a y  b e  i n f e c t e d  w h e n  a s  s m a l l  a s  P  m m  l o n g  
i n  t h e  L a b o r a t o r y .
S i n c e  t h e  p r i m a r y  i n f e c t i o n s  d e v e l o p e d  d u r i n g  a  s i n g l e  y e a r  d o  
n o t  r e a c h  m a t u r i t y  u n t i l  m i d - S e p t e m b e r ,  a t  t h e  e a r l i e s t ,  t h e i r  
p r i n c i p l e  e f f e c t  i s  t o  p r o d u c e  a n  a b u n d a n c e  o f  m e t a c e r c a r i a e  i n  t h e  
s n a i l s  t h a t  w i l l  o v e r w i n t e r .  M o s t  o f  t h e  a d u l t  w o r m s  d e r i v e d  f r o m  
t h e s e  p r i m a r y  i n f e c t i o n s  a r e  c a r r i e d  a w a y  b y  t h e  m i g r a t i n g '  b i r d s  a n d ,  
t h e r e f o r e ,  d o  n o t  c o n t r i b u t e  t o  t h e  e n d e m i c i t y  o f  t h e  p a r a s i t e  i n  t h i s  
l o c a l i t y .  O v e r w i n t e r i n g  s n a i l s ,  h o w e v e r ,  a r e  p r o v i d e d  w i t h  l a r g e  
n u m b e r s  o f  m e t a c e r c a r i a e ,  (J , ‘j 6 p  i n  o n e  s n a i l  e x a m i n e d ,  t o  r e - e s t a b l i s h  
t h e  c y c l e  t h e  f o l l o w i n g  y e a r .
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